
LATE HOLOCENE RELATIVE SEA LEVEL IN NEW JERSEY: EXAMINING 

PROXIES, TIMING, AND MECHANISMS 

By 

JENNIFER S. WALKER 

A dissertation submitted to the  

School of Graduate Studies 

Rutgers, The State University of New Jersey  

In partial fulfillment of the requirements 

For the degree of 

Doctor of Philosophy 

Graduate Program in Oceanography 

Written under the direction of 

Benjamin Horton 

And approved by 

__________________________ 

__________________________ 

__________________________ 

__________________________ 

 

New Brunswick, New Jersey 

October, 2019 



ii 
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Dissertation Director: 

Benjamin Horton 

 

Relative sea level (RSL) in New Jersey has exhibited varying rates of change across 

time and space throughout the late Holocene (last 4000 years), due to factors including 

glacial isostatic adjustment (GIA), ocean/atmosphere dynamics, and sediment compaction. 

High resolution sea-level reconstructions from salt-marsh proxies (e.g., foraminifera and 

geochemistry) have extended the instrumental record beyond the 20th century to link with 

late Holocene data. In this dissertation, I examined the accuracy of sea-level proxies, timing 

of the onset of modern rates of sea-level rise, and mechanisms contributing to sea-level 

change in New Jersey during the late Holocene. 

In Chapter 1, I examined temporal and spatial variability of salt-marsh foraminifera 

and stable carbon isotope geochemistry (δ13C) to include seasonal/interannual and small-

scale spatial changes in RSL reconstructions. I conducted a three-year monitoring 

experiment on four high marsh sampling stations in southern New Jersey, collecting 46 

samples through time with 136 spatial replicate samples. Variations in annual standing crop 

that were observed did not exhibit any interannual or seasonal patterns. Foraminiferal 

assemblages and dominant species remained consistent on small spatial scales at each 
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monitoring station over the study period; however, standing crop varied among replicate 

samples. Temporal and small-scale spatial variability in δ13C values at each station was 

very minimal. The foraminifera assemblages were separated into unique site-specific 

assemblages, and the variation across monitoring stations explained ~87% of the total 

variation, while ~13% of the variation in foraminiferal assemblages was explained by 

temporal and/or spatial variability among replicate samples. I developed a method to 

formally incorporate the temporal and spatial variability of modern foraminiferal 

distributions into a Bayesian transfer function. I applied this to a Common Era relative sea-

level record in New Jersey. Because of the limited variability of foraminifera, RSL 

reconstructions from high marsh environments remain robust and reproducible. 

In Chapter 2, I produced a new high-resolution RSL record in northern New Jersey 

using a Bayesian transfer function that employs salt-marsh foraminifera and a secondary 

proxy, stable carbon isotope geochemistry, to examine magnitudes and rates of sea-level 

change. I found that RSL in northern New Jersey continuously rose over the last 1000 years 

by 1.5 ± 0.1 m (1σ). RSL rose at a rate of 1.2 ± 0.2 mm/yr (2σ) from 1000 to 1700 CE 

before accelerating to a rate of rise of 2.1 ± 0.3 mm/yr from 1700 CE to present. I integrated 

the new northern New Jersey record into an updated global database of instrumental and 

proxy sea-level records of the Common Era. I used a spatiotemporal empirical hierarchical 

model with the global database to estimate the timing of the onset of modern elevated rates 

of sea-level rise. I propose ~1870 CE as the global onset of modern rates of sea-level rise. 

I examined the spatial variability in timing of modern elevated rates of RSL rise at nineteen 

sites in the North Atlantic which have the highest resolution of all of the proxy locations 

in the global RSL database and found asynchronous timing with a distinct spatial pattern. 
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Elevated rates in RSL appear earliest in the mid-Atlantic region, followed by the 

northeastern and southeastern U.S., and latest in Canada and Europe. I suggest that the 

observed spatial pattern in the timing may be due to a combination of steric and ocean 

dynamic effects from changes in Atlantic Meridional Overturning Circulation and the Gulf 

Stream. 

In Chapter 3, I produced a new late Holocene RSL record in southern New Jersey 

from basal peat units to examine mechanisms of sea-level change, including GIA, as it is 

the dominant cause of late Holocene RSL rise in New Jersey. The paleomarsh elevation 

for each basal sample was estimated through a Bayesian transfer function using salt-marsh 

foraminifera assemblages and bulk sediment stable carbon isotope geochemistry. Sediment 

compaction and tidal range change were accounted for in each sample using a geotechnical 

model and a paleotidal model. I found that RSL rose continuously through the late 

Holocene by ~6.4 m from 4.6 ka BP to 1.2 ka BP at an average rate of 1.9 ± 0.3 mm/yr. I 

compared RSL changes from the basal peat record with site-specific GIA models that 

include two components: an ice history and a viscosity model. I used one 1D model that 

assumes the lithosphere and mantle viscosity are laterally homogeneous and nine 3D 

models that allow for mantle viscosity lateral heterogeneity. I found a misfit between model 

predictions and RSL observations, although the 3D models were an improvement over the 

1D model. The remaining misfits suggest the importance of utilizing a wide array of ice 

model and viscosity model parameters to find a better fit between site-specific GIA 

predictions and RSL observations. 
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Introduction 

Projected sea-level rise over the next century is a serious threat to dense coastal 

populations, vast infrastructure, and metropolitan areas along the U.S. Atlantic coast. An 

understanding of past sea-level change and driving mechanisms is necessary to provide 

context for current change for effective coastal planning and adaptation. Relative sea level 

(RSL) has exhibited varying rates of change throughout the late Holocene, due to factors 

including glacial isostatic adjustment, ocean/atmosphere dynamics, and sediment 

compaction (e.g. Tornqvist et al., 2008; Engelhart et al., 2011; Kemp et al., 2018). High 

resolution sea-level reconstructions from salt-marsh proxies (e.g., foraminifera) have 

extended the instrumental record beyond the 20th century to link with late Holocene data 

(e.g. Gehrels 2000; Kemp et al., 2013, 2017). These reconstructions are necessary to 

improve understanding of magnitudes and rates of sea-level change at centennial to multi-

decadal timescales and driving mechanisms behind sea-level change, and to provide 

information about sea-level responses to climate change and paleo constraints for model 

calibration (e.g. Varekamp et al., 1992; Kemp et al., 2011; Horton et al., 2018).  

Salt-marsh foraminifera are used as proxies to reconstruct late Holocene sea level, 

because their modern distributions exhibit vertical zonation, revealing distinct faunal zones 

which can be further divided into subzones (e.g. Scott and Medioli, 1978; Gehrels, 1994; 

Horton and Edwards, 2006). A detailed understanding of proxies in the modern 

environment is a necessary prerequisite for the development of a transfer function to 

reconstruct sea level; however, temporal and spatial variability of foraminifera has not 

formally been included into transfer function based sea-level reconstructions. In Chapter 

1, I conducted a three-year monitoring study of foraminifera from four high marsh study 
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sites to assess seasonal and interannual changes and small-scale spatial variability. The 

foraminifera assemblages were separated into unique site-specific assemblages, and the 

variation across monitoring stations explains ~87% of the total variation, while only ~13% 

of the variation in foraminiferal assemblages can be explained by temporal and/or spatial 

variability among replicate samples. Information about the temporal and spatial variability 

of modern foraminiferal distributions was formally incorporated into a Bayesian transfer 

function. Even when accounting for temporal and spatial variability of modern 

foraminifera, foraminifera-based relative sea-level reconstructions from high marsh 

environments remain robust and reproducible.  

Common Era sea-level reconstructions provide the necessary high-resolution 

chronology to establish a quantitative estimate of the beginning of modern rates of rise 

(e.g. Donnelly et al. 2004, Gehrels et al. 2005, Kemp et al. 2011, 2014). Although there is 

agreement that rates of sea-level rise exceed Common Era background rates by the late 18th 

to early 20th century (e.g. Shennan and Horton, 2002; Gehrels et al., 2005; Engelhart and 

Horton, 2012), the timing of increased modern rates of sea-level rise is uncertain. The range 

of suggested timings may reflect the resolution and types of data used or may intriguingly 

suggest regional variability due to the gravitational, rotational, and deformational 

fingerprints of mass loss from ice sheet and glacier melt (e.g. Mitrovica et al., 2009), ocean 

steric effects (e.g. Cazenave and Llovel, 2010), and/or ocean dynamics (e.g. Ezer, 2015). 

In Chapter 2, I produced a new high-resolution (decimeter vertical, decadal horizontal) 

Common Era RSL record in northern New Jersey and integrated it into an updated global 

database of instrumental and proxy sea-level records of the Common Era (Kopp et al., 

2016). I used a spatiotemporal empirical hierarchical model (Kopp et al.., 2016; Ashe et 
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al., 2019) with the global database to estimate the timing of the onset of modern elevated 

rates of sea-level rise. I assessed the global timing of the onset of modern rates of sea-level 

rise and identified spatial variability of elevated rates of sea-level rise among the sites with 

the highest resolution proxy records. I propose ~1870 CE as the global onset of modern 

rates of sea-level rise. I examined the timing of modern elevated rates of RSL rise at 

nineteen sites in the North Atlantic and found asynchronous timing with a distinct spatial 

pattern. Elevated rates in RSL appear earliest in the mid-Atlantic region, followed by the 

northeastern and southeastern U.S., and latest in Canada and Europe. I suggest that the 

observed spatial pattern in the timing may be due to a combination of steric and ocean 

dynamic effects from changes in Atlantic Meridional Overturning Circulation and the Gulf 

Stream. 

Late Holocene sea-level rise in New Jersey has been dominated by glacial isostatic 

adjustment (GIA), due to the state’s proximity to the margin of the former Laurentide Ice 

Sheet (e.g. Engelhart and Horton, 2012; Roy and Peltier, 2015; Love et al., 2016). An 

accurate estimate of the contribution of GIA to late Holocene RSL is important for coastal 

adaptation, because in many regions subsidence will be a principal reason for regional 

modification of global sea-level projections (e.g. Kopp et al., 2014; Love et al., 2016). RSL 

reconstructions at a high resolution are needed to validate GIA models on the U.S. mid-

Atlantic coast, but salt-marsh reconstructions are limited by the depth and specific 

stratigraphy of sediment sequences available (Engelhart and Horton, 2012) as well as local 

processes involving sediment compaction (e.g. Long et al., 2006; Horton and Shennan, 

2009) and tidal range change (e.g. Gehrels et al., 1995; Shennan et al., 2003; Hill et al., 

2011). In Chapter 3, I produced a high resolution late Holocene RSL reconstruction from 
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a salt marsh in southern New Jersey, a region that experienced maximum rates of RSL rise 

due to the collapsing peripheral forebulge at the former ice margin (e.g. Dyke et al., 2003; 

Engelhart and Horton, 2012). I used basal peat units, which have minimal sediment 

compaction (e.g. Shennan and Horton, 2002; Tornqvist et al., 2008). Each data point 

includes an error for tidal range change and an error for the minimal compaction from a 

basal peat layer overlying an incompressible substrate. Ages are produced through high 

precision Accelerator Mass Spectrometry (AMS) radiocarbon dating on plant macrofossils. 

I found that RSL rose continuously through the late Holocene by an approximate 

magnitude of 6.4 m from 4.6 ka BP to 1.2 ka BP at an average rate of 1.9 ± 0.3 mm/yr. The 

resulting high resolution RSL record was compared to site-specific GIA models from Li et 

al. (2018), but there was a misfit between model predictions and RSL observations, 

although the 3D models are an improvement over the 1D model. The remaining misfits 

suggest the importance of utilizing a wide array of ice model and viscosity model 

parameters to find a better fit between site-specific GIA predictions and RSL observations. 

Together these chapters address temporal and spatial variability of sea-level proxies 

used for RSL reconstructions; timing of the onset of modern elevated rates of sea-level rise 

in New Jersey, globally, and in the North Atlantic; and mechanisms for sea-level change 

in the late Holocene in New Jersey, including the dominant influence of GIA. 
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Chapter 1: Incorporating temporal and spatial variability of salt-marsh 

foraminifera into sea-level reconstructions 

 

Abstract 

Foraminifera from high salt-marsh environments have been used extensively to 

quantitatively reconstruct relative sea level. However, the influence of temporal and spatial 

variability of salt-marsh foraminifera is poorly known. Here, we conducted a three-year 

monitoring study of four high salt-marsh monitoring stations in New Jersey. We sampled 

each station four times per year (September, December, March, June), including four 

replicate samples at each sampling period, for a total of 46 samples through time with 136 

spatial replicate samples. We also sampled each station through time and space for stable 

carbon isotope geochemistry (δ13C), which can be used as a secondary proxy for sea level.  

 

The foraminiferal assemblages are separated into unique site-specific assemblages 

dominated by Trochammina inflata, Jadammina macrescens, and Tiphotrocha comprimata 

(Station 1); Jadammina macrescens, Balticammina pseudomacrescens, and Tiphotrocha 

comprimata (Station 2); Tiphotrocha comprimata, Balticammina pseudomacrescens, and 

Haplophragmoides spp. (Station 3); and Jadammina macrescens, Ammoastuta inepta, 

Balticammina pseudomacrescens, and Haplophragmoides spp. (Station 4). The variation 

across monitoring stations explains ~87% of the total variation in the 182 sample 

foraminiferal dataset. Only ~13% of the variation in foraminiferal assemblages can be 

explained by temporal and/or spatial variability among the replicate samples. Variations in 

annual standing crop that were observed did not exhibit any interannual or seasonal 
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patterns. Foraminiferal assemblages and dominant species remained consistent on small 

spatial scales at each monitoring station over the study period; however, standing crop 

varied among replicate samples. Temporal and small-scale spatial variability in δ13C values 

at each station was very minimal. 

 

We applied a Bayesian transfer function to estimate the elevation of the four monitoring 

stations. Under a 95% uncertainty interval, all samples from each monitoring station 

predicted a Standardized Water Level Index (SWLI) estimate within the observed elevation 

range of that station. Combining samples into replicate-aggregate and seasonal-aggregate 

datasets decreased elevation estimate uncertainty. Additionally, samples from Fall and 

Winter months had more accurate elevation estimates, as well as lower uncertainties, 

compared to Spring and Summer.  

 

Information about the temporal and spatial variability of modern foraminiferal distributions 

was formally incorporated into the Bayesian transfer function through the prior 

specification of the relevant model parameters. The Bayesian transfer function, with 

informative-variability priors, was applied to a Common Era relative sea-level record in 

New Jersey. The average difference in paleomarsh elevation estimates with and without 

using the informative foraminifera variability prior was <0.01 m and the average difference 

in estimate uncertainties was 0.01 m. Reconstructed relative sea-level change over the past 

~1000 years was also very similar with and without using the informative foraminifera 

variability prior: ~1.64 m rise with the uninformative prior and a ~1.61 m rise with the 

informative prior.  Furthermore, the average difference in relative sea-level rate predictions 
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was 0.04 ± 0.12 mm/yr. Therefore, even when accounting for temporal and spatial 

variability of modern foraminifera, foraminiferal-based relative sea-level reconstructions 

from high marsh environments remain robust and reproducible. 

 

1. Introduction 

Relative sea level (RSL) has exhibited varying rates of change across time and space 

throughout the late Holocene, due to factors including glacial isostatic adjustment, 

ocean/atmosphere dynamics, and sediment compaction (e.g. Tornqvist et al., 2008; 

Engelhart et al., 2011; Kemp et al., 2018). High resolution sea-level reconstructions from 

salt-marsh proxies (e.g., foraminifera) have extended the instrumental record beyond the 

20th century to link with late Holocene data (e.g. Gehrels 2000; Kemp et al., 2013, 2017). 

The late Holocene salt-marsh sea-level reconstructions illustrate patterns of natural 

variability at centennial to multi-decadal scales, which improve our understanding of the 

sea-level response to climate change (e.g. Varekamp et al., 1992; Kemp et al., 2011).  

 

Salt-marsh foraminifera are used as proxies to reconstruct late Holocene sea level, because 

their modern distributions exhibit vertical zonation, revealing distinct faunal zones which 

can be further divided into subzones (e.g. Scott and Medioli, 1978; Gehrels, 1994; Horton 

and Edwards, 2006). Foraminiferal-based transfer functions utilize a modern foraminifera 

training set to quantify species assemblages’ relationship with elevation, which is then 

applied to fossil assemblages, commonly from high marsh sedimentary sequences, to 

produce continuous records of sea-level at decimeter vertical resolution (e.g., Horton et al., 

1999; Gehrels et al., 2000; Horton and Edwards, 2006; Kemp and Telford, 2015). The 
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foraminiferal-based transfer function has been recently enhanced using a Bayesian 

approach that employs foraminifera and a secondary proxy, geochemistry (Cahill et al., 

2016; Kemp et al., 2017). Stable carbon isotope geochemistry (δ13C) in bulk sediment 

represents the dominant vegetation type and can be used as a proxy for sea level, because 

the transition between C3 and C4 dominated salt-marsh plant communities has been shown 

to act as the boundary for the mean higher high water (MHHW) tidal datum on the U.S. 

mid-Atlantic coast (e.g. Middleburg et al., 1997; Johnson et al., 2007; Kemp et al., 2012). 

In southern New Jersey, Kemp et al. (2012) found that δ13C values of salt-marsh bulk 

sediment >-22.0‰ were found above MHHW, while values < -18.9‰ were found between 

mean tide level (MTL) and MHHW. 

 

A detailed understanding of salt-marsh foraminifera (de Rijk, 1995) and geochemistry in 

the modern environment is a necessary prerequisite for the development of a transfer 

function to reconstruct sea level. Salt-marsh foraminifera are typically described in the 

modern environment only on one occasion in time without replicate sampling (e.g. Scott 

and Medioli, 1978; Horton, 1999; Kemp et al., 2017). However, salt-marsh foraminifera 

have been found to vary temporally on seasonal and interannual timescales (Buzas et al., 

2002; Hippensteel et al., 2002; Martin et al., 2002; Horton and Edwards, 2003; Horton and 

Murray, 2006; Berkeley et al., 2008), as well as spatially at small (sub-meter) scales (Buzas 

1968; Swallow, 2000; Morvan et al., 2006; Kemp et al., 2011). These variations have been 

shown to affect elevation boundaries of foraminiferal zones by as much as 15% of the tidal 

range (e.g. Horton and Edwards, 2003). But temporal and spatial variability has not 

formally been included into transfer function based sea-level reconstructions.  



13 

 

Site-specific differences in the relationship between stable carbon isotope geochemistry 

and elevation with respect to the local tidal frame are poorly understood. Further, changes 

in modern bulk salt-marsh sediment stable carbon isotope geochemistry through time (e.g. 

influence of seasonal variations) and on sub-meter spatial scales (e.g. influence of 

allochthonous material through tidal activity) is unknown (e.g. Stephenson et al., 1984; 

Leavitt and Long, 1986, 1991). 

 

Here, we conducted a three-year monitoring study of foraminifera and stable carbon 

isotope geochemistry from four high marsh study sites of differing salinity regimes to 

assess seasonal and interannual changes and small-scale spatial variability. This is one of 

the longest seasonal/interannual monitoring studies of salt-marsh foraminifera (e.g. 

Hippensteel et al., 2002; Horton and Edwards, 2003; Horton and Murray, 2006) and the 

longest seasonal/interannual monitoring study of salt-marsh bulk sediment stable carbon 

isotope geochemistry. The data produced from this study are used to estimate variability in 

foraminifera and geochemistry over time and space. First, we analyzed the foraminiferal 

data to estimate: (a) the variation across monitoring stations for each species; and (b) the 

proportion of variation explained by the monitoring stations and replicate samples. Second, 

we ran a Bayesian transfer function on all of the data for each monitoring station to obtain 

a station elevation estimate and to examine variation in elevation estimates over time and 

across replicates at each station. Third, we formally account for spatial and temporal 

uncertainties by using the variance estimates from our analysis to inform prior distributions 

in the Bayesian transfer function related to the foraminifera variability when reconstructing 

elevations for sea-level studies. These variance estimates are incorporated into a southern 
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New Jersey relative sea-level record from Kemp et al. (2013) to examine differences in the 

record with and without the informative foraminifera variability prior.   

 

2. Regional Setting  

The field study sites are located in a high marsh environment of southern New Jersey on 

the U.S. mid-Atlantic coast (Figure 1). The southern New Jersey coast is characterized by 

a barrier island and lagoon system adjacent to the Atlantic Ocean. Inlets between the barrier 

islands and lagoons allow water exchange between the ocean and bays (Ferland, 1990).  

 

Modern salt marshes with tidal channels form extensive gently sloping platforms along the 

coast of southern New Jersey (Ferland, 1990). Low marsh environments are dominated by 

Spartina alterniflora (tall form), while high marsh environments are dominated by 

Spartina patens, Spartina alterniflora (short form), and Distichlis spicata (Daddario, 

1961). The brackish environment between the high marsh and freshwater upland is 

vegetated by Phragmites australis and Iva fructescens (Daddario, 1961; Stuckey and 

Gould, 2000). Our high marsh field sites are located near the Rutgers University Marine 

Field Station (Tuckerton, New Jersey), in the Mullica River-Great Bay estuary, which is 

one of the most pristine estuaries on the U.S. mid-Atlantic coast with minimal human 

disturbance due to lack of agricultural and industrial development and low population 

density (Kennish, 2004). The 1474 km2 watershed is part of the Jacques Cousteau National 

Estuarine Research Reserve and drains the Pinelands National Reserve (Rhodehamel, 

1998; Kennish, 2004).  
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The southern New Jersey coast has a semidiurnal, microtidal (range <2 m) regime, but 

varies between the ocean and lagoon side of the barriers. The tidal range in the Mullica 

River-Great Bay estuary that influences our field sites varies from 0.7 m (in Little Egg 

Harbor) to 1.1 m (near the mouth of Great Bay). Water exchange primarily occurs between 

the Atlantic Ocean and Little Egg Inlet leading into Great Bay (Chant et al., 2000).  

 

Meteorological data for the region during the sampling timeframe of this study was 

obtained from the Jacques Cousteau National Estuarine Research Reserve meteorological 

station at Nacote Creek (~12 km from the monitoring stations) through the National 

Estuarine Research Reserve System’s Centralized Data Management Office (Figure 2). Air 

temperatures over the three-year study period ranged from -5 to 25 ºC, with lows each year 

in January and February and highs in July and August. The study period contained the 

statewide warmest May, November, and December in 2015, statewide warmest August in 

2016, and statewide warmest February and April in 2017 on record in New Jersey from 

1895-2018 (Office of the New Jersey State Climatologist). Total monthly precipitation 

ranged from <20 mm to >200 mm. In 2015, the statewide third driest May and the fourth 

wettest June on record in New Jersey from 1895-2018 were observed (Office of the New 

Jersey State Climatologist). The Jacques Cousteau National Estuarine Research Reserve 

water quality station in Great Bay (~2 km from Monitoring Station 1; ~10 km from 

Monitoring Stations 2, 3, and 4) provided sea surface temperatures and salinity. Sea surface 

temperatures ranged from 5 to 25 ºC, exhibiting comparable annual fluctuations with lows 

each year in January and highs in July and August, and salinity ranged from 28 to 32 ppt. 

Tide gauge data from the Atlantic City tide gauge (~19 km from Monitoring Station 1; ~27 
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km from Monitoring Stations 2, 3, and 4) was obtained from the Permanent Service for 

Mean Sea Level. Monthly mean sea levels revealed annual lows in February and March 

and annual highs in September and October. 

 

In addition, four hurricanes influenced New Jersey over the three-year study period 

(NOAA), as well as a significant winter storm flooding event. The National Oceanic and 

Atmospheric Administration (NOAA)-operated tide gauge at Great Bay, Shooting 

Thorofare (station number 8534319), located <500 m from one of the monitoring stations 

of this study, recorded flooding from Hurricane Joaquin on October 3, 2015 of 1.4 m MTL, 

which is in the top ten historic crests observed at this tide gauge (NOAA). The Great Bay 

tide gauge recorded a 1.6 m MTL crest on January 23, 2016 from the winter storm flooding 

event, which is second only to the flooding observed during Hurricane Sandy in October 

2012 (NOAA).  

 

3. Methods 

3.1. Sampling Design 

We selected four monitoring stations from high marsh/high marsh-upland transition sites 

above MHHW along a salinity gradient in the Mullica River-Great Bay estuary (Figure 1). 

We chose to investigate high marsh sites because high marsh sedimentary sequences are 

used for sea-level studies since foraminiferal zones are narrower in the high marsh 

compared to low marsh, providing more accurate elevation estimates (e.g. Gehrels, 2000; 

Wright et al., 2011).  
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We sampled a 1x1 m plot four times per year (September, December, March, June) from 

September 2014 to June 2017 to examine temporal variability of salt-marsh foraminifera 

and stable carbon isotope geochemistry. Station 4 was established in March 2015. Two 

samples were taken from each station, one of a standardized volume of 10 cm3 (10 cm2 by 

1 cm thick), the other of approximately 30 cm3 (30 cm2 by 1 cm thick). The smaller sample 

was employed for foraminiferal analysis. This volume allowed comparison with similar 

studies (e.g. Scott and Medioli, 1980; Horton and Edwards, 2006; Kemp et al., 2012). The 

larger sample was for geochemistry and environmental variables. Each modern surface 

sediment sample was collected with four replicates so that small-scale spatial variability 

could be analyzed. A different quadrant of each plot was sampled during each sampling 

period, following methods of Horton et al. (2017), so that each quadrant was only sampled 

once per year to allow recovery of the marsh surface. In addition, we sampled for 

foraminifera after one of the hurricanes and after the significant winter storm flooding 

event during the three-year study period. We sampled Station 1 in the middle of October 

2015, two weeks after the approach of Hurricane Joaquin that caused coastal flooding. We 

sampled all four stations in early February 2016, two weeks after the winter storm. 

 

We surveyed each sampling station to National Oceanic and Atmospheric Administration 

(NOAA) tidal benchmarks using a total station where elevations were referenced to the 

North American Vertical Datum (NAVD88). We took multiple elevation measurements 

within the 1x1 m plot at Stations 3 due to the more hummocky nature of this site. The 

elevation at Station 1 was converted to tidal datums using VDatum and the NOAA-

operated tide gauge at Great Bay, Shooting Thorofare (station number 8534319) located 
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<500 m from the station. To convert elevations from Stations 2, 3 and 4 to tidal datums, 

we deployed two automatic water-level loggers (Solinst Levelogger Edge) in tidal channels 

within 100 m of the stations and leveled them to NOAA tidal benchmarks. We correlated 

the water-level logger data with those recorded by the NOAA-operated tide gauge at 

Tuckerton Creek (station number 8534080) located ~1 km north of Stations 2, 3, and 4. 

Due to differences in tidal range between Station 1 and Stations 2, 3, and 4, we converted 

the tidal elevations into a standardized water level index (SWLI), following the approach 

of Horton et al. (1999).  

 

3.2. Foraminiferal Analysis 

We counted live and dead foraminifera from four replicate samples (10 cm3) at each 

monitoring station from each sampling period for all three years. We stained the modern 

foraminifera samples with rose Bengal immediately after collection in order to identify live 

versus dead foraminifera tests (Walton, 1952). Although in some cases rose Bengal may 

stain dead tests (e.g. Walker et al., 1974; Bernhard, 1988), it still remains a reliable method 

and is unlikely to affect the interpretation of dead assemblages (Murray and Bowser, 2000). 

We stored samples in a buffered ethanol solution and refrigerated them (Scott et al., 2001). 

Samples were wet sieved to isolate the 63-500 µm size fraction and then split into eight 

equal aliquots using a wet splitter (Scott and Hermelin, 1993). We counted foraminifera 

under a binocular microscope while immersed in distilled water. Identifications of 

foraminifera were confirmed with type specimens at the National Museum of Natural 

History, Smithsonian Institute, Washington, D.C. Plate 1 shows scanning electron 

microscope (SEM) images of foraminifera from this study. We grouped specimens of the 
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genera Haplophragmoides and Ammobaculites into a single group due to difficulties in 

identifying them to the species level (Kemp et al., 2009). Although live specimens were 

counted, only the dead assemblages are used in our analyses because the dead assemblages 

are used in sea-level transfer functions (Horton, 1999). We used Coefficient of Variation 

(CV) – the ratio of the standard deviation to the mean – to examine the relative variability 

among replicate samples. All dead foraminifera data are presented in Appendix A and all 

live foraminifera data are presented in Appendix B. Live foraminifera total counts, 

dominant foraminifera, and CV among replicates for all samples for each station are 

displayed in Appendix E. 

 

3.3. Stable Carbon Isotope Geochemical Analysis 

We analyzed the δ13C values from each monitoring station from each sampling period for 

all three years, as well as from several replicate samples throughout the sampling period. 

Since the dominant input to salt-marsh sediment is in situ vegetation, δ13C values were 

measured in bulk sediment. Bulk sediment stable carbon isotope geochemistry was 

measured at the Departments of Geology and Environmental Studies at Bryn Mawr College 

using a cavity ring-down laser spectroscopy (CRDS) following the flash combustion 

technique described by Balslev-Clausen et al (2013). Prior to isotopic analysis, bulk peat 

samples were freeze-dried in a Virtis™ benchtop freeze dryer to remove moisture and then 

ground in a Retsch™ ball mill until finely powdered. Approximately two mg (±0.5 mg) of 

the dried, powdered sample was weighed on a Mettler Toledo™ XP56 microbalance with 

4 µg precision. Weighed samples were sealed in pressed-wall tin capsules and flash 

combusted at 980°C in a Costech™ ECS 4010 element analyzer using N2 as a carrier gas. 



20 

 

The Costech™ EA has a 50-sample carousel for automated runs. Isotopic composition of 

the CO2 produced by combustion is analyzed in a Picarro™ G2201-i CRDS instrument. 

Carbon abundance in each sample was calculated from the peak 12CO2 concentration 

measured by the CRDS system, calibrated by analysis of standard reference material (NIST 

1547 Peach leaf). Reproducibility of carbon mass concentration is ±0.8% (1 s.d., n=96). 

Carbon isotopic composition, reported as δ13C, is standardized to Vienna Pee Dee 

Belemnite (VPDB) by analysis of standard reference material USGS40 (glutamic acid). 

The reproducibility of δ13C values is <0.2‰ based on repeat analyses of NIST 1547 

(0.15‰, 1 s.d., n=96) and USGS40 (0.18‰, 1 s.d., n=27). All stable carbon isotope 

geochemical data are presented in Appendix C.  

 

3.4. Environmental Variables 

For each sampling period, we also measured several environmental variables at each of the 

four monitoring stations (Table 1). We measured porewater salinity in the center of each 

monitoring station plot during each sampling period using a handheld YSI meter. We 

analyzed organic matter by loss on ignition (LOI) for samples from each monitoring station 

from each sampling period. We dried the samples in an oven and ignited the samples in a 

muffle furnace following the methods of Plater et al. (2015). We analyzed grain size for 

samples from each monitoring station. We used 30% H2O2 to digest the organic fraction of 

the samples to prepare them for grain-size analysis (Donato et al., 2009). Grain size 

distributions were measured using a Malvern Mastersizer 3000 laser particle-size analyzer 

and were described after Folk and Ward (1957). All environmental data are presented in 

Appendix D. 
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3.5. Statistical Analysis 

We used partitioning around medoids (PAM) to analyze the composition of foraminifera 

assemblages present at the four monitoring stations (Kaufman and Rousseeuw, 1990). We 

applied PAM to the entire dataset of raw counts of dead foraminifera, using four groups to 

correspond to the four monitoring stations, and graphically represented the data with a 

silhouette plot (Rousseeuw, 1987). Analysis was completed using the ‘cluster’ package in 

R. Silhouette widths between -1 and 1 provide an estimate of a sample’s classification. 

Values close to 1 indicate that the sample was assigned to an appropriate group where 

within group dissimilarity was less than the dissimilarity among the groups. Values close 

to -1 indicate that the sample was incorrectly classified. 

 

To formally account for spatial and temporal uncertainties and to use variance estimates 

from our analysis in the Bayesian transfer function, we merged our data with the training 

set from southern New Jersey (Kemp et al., 2013) and a new unpublished training set from 

Cheesequake State Park in northern New Jersey (Chapter 2). The taxonomy was 

harmonized by combining J. macrescens and B. pseudomacrescens, and T. inflata and S. 

lobata. These species are often combined in sea-level transfer functions to avoid 

inconsistencies in taxonomic identifications (Kemp et al., 2018).  

 

Using the harmonized taxonomy, we performed three different analyses. First, we modeled 

the raw foraminifera counts from our study sites to estimate the overall species variance as 
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the combination of variation across monitoring stations and the variation across replicate 

samples after accounting for any underlying trend that may be present over time.  

 

Second, we ran a Bayesian transfer function (Cahill et al., 2016) using the regional training 

set on the foraminifera data from each sampling period from each monitoring station to 

provide an elevation estimate for each monitoring station and to examine variability in 

these elevation estimates over the three years. Additionally, replicate sample assemblages 

were combined to produce a replicate-aggregate SWLI estimate for each sampling period 

for each station to analyze the effect of small-scale spatial foraminiferal variability and 

increased count size on elevation estimates. All sample assemblages for each season within 

each station were also combined to produce a seasonal-aggregate SWLI estimate for each 

season for each station to analyze seasonal variability of elevation estimates.  

 

Here we provide an overview of the Bayesian transfer function. We outline notation for the 

data as follows: 

 𝑦𝑚 are observed modern foraminifera abundances.  𝑦𝑖𝑙 
𝑚 is the abundance of species 

𝑙 in surface sample 𝑖, with 𝑖 = 1, … , 𝑁 

 𝑇𝑖
𝑚is the total of the species abundances for surface sample 𝑖. 

 𝑒𝑚 are the observed standardized modern elevations.  𝑒𝑖
𝑚 is the elevation for 

surface sample 𝑖. 

 𝑦𝑓 are observed fossil foraminifera abundances.  𝑦𝑗𝑙 
𝑓

 is the abundance of species 𝑙 

in fossil sample 𝑗, with 𝑗 = 1, … , 𝑀 

 𝑇𝑗
𝑓
is the total of the species abundances for fossil sample 𝑗. 
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A multinomial likelihood is assumed for the modern species abundances 𝑦𝑖𝑙 
𝑚 as follows: 

𝑦𝑖1
𝑚, 𝑦𝑖2

𝑚 … 𝑦𝑖𝐿 
𝑚  ~ 𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑝𝑖1, 𝑝𝑗𝑖 … . 𝑝𝑖𝐿 , 𝑇𝑖

𝑚), 

where 𝑝𝑖𝑙 is the probability of finding species 𝑙 at elevation 𝑖.  

The probability parameters 𝑝𝑖𝑙 
𝑚 are estimated as a function of a latent response 𝜆𝑗𝑙: 

𝑝𝑖𝑙 = 𝑓(𝜆𝑖𝑙), 

where 𝑓 is a softmax transformation used to preserve the sum and boundary constraints of 

the probabilities for each sample 𝑖. The latent response vector 𝜆𝑙  contains the response for 

species 𝑙 across all samples and is modeled as a function of elevation: 

𝜆𝑙 = 𝑔𝑙(𝑒𝑚) + 𝜖𝑙, 

𝜖𝑙 ~ 𝑁(0, 𝜎𝑙
2), 

where 𝑔𝑙 is a P-spline (e.g. de Boor, 1978; Dierckx, 1993) function that governs the shape 

of the response curve of species 𝑙. The error term 𝜖𝑙 is added to the P-spline for each species 

to account for over/under dispersion in the raw data and 𝜎𝑙
2 is a species-specific variance 

term.  

 

Third, we incorporated the species variance estimates from the first analysis into the 

Bayesian transfer function by providing informative priors for parameters related to 

foraminifera variability which account for spatial and temporal uncertainty in foraminiferal 

distributions when reconstructing RSL. Specifically, a truncated t-distribution prior is 

placed on 𝜎𝑙
2 and the first analysis provided estimates of the hyperparameters that govern 

the prior distributions of the variance terms. In the absence of this additional information 

an uninformative prior was used.   
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We applied the Bayesian transfer function with and without the informative foraminifera 

variability prior to a southern New Jersey relative sea-level record from Kemp et al. (2013). 

The Bayesian transfer function produced SWLI estimates of paleomarsh elevation (PME) 

using fossil foraminifera abundances from a sediment core. The same modeling set up is 

assumed for fossil abundances, using the 𝑓 subscript to refer to fossil data and parameters, 

as follows:  

𝑦𝑗1
𝑓

, 𝑦𝑗2
𝑓

… 𝑦𝑗𝐿 
𝑓

 ~ 𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑝𝑗1
𝑓

, 𝑝𝑗2
𝑓

… 𝑝𝑗𝐿 
𝑓

, 𝑇𝑗
𝑓

), 

𝑝𝑗1
𝑓

= 𝑓(𝜆𝑗1
𝑓

), 

𝜆𝑙
𝑓

 = 𝑔𝑙(𝑒𝑓) +  𝜖𝑙, 

The fossil elevations are contained within the vector 𝑒𝑓 , which has a prior distribution: 

𝑒𝑗
𝑓
~ 𝑁(𝜇𝑗 , 𝜏2), 

𝜇𝑗  ~ 𝑈(𝑎𝑗 , 𝑏𝑗)  

where 𝑒𝑗
𝑓
 is the fossil elevation for core sample j. The mean of the prior distribution for 𝑒𝑗

𝑓
 

has a truncated normal prior. In the absence of secondary proxy information to inform this 

prior distribution 𝑎𝑗 = 𝑎 and 𝑏𝑗 = 𝑏, where 𝑎 and 𝑏 are fixed at the minimum and 

maximum observed surface elevations respectively.  If secondary proxy information is 

available (for example, in the form of a geochemical proxy that can provide constraints on 

the elevational range of the fossil samples) 𝑎𝑗 and 𝑏𝑗 are fixed at the minimum and 

maximum elevations suggested by the secondary proxy for sample j.  

 

We converted SWLI estimates from the Bayesian transfer function to meters relative to 

Mean Tide Level (MTL). The PME estimates were subtracted from their sample altitude 



25 

 

to obtain RSL. Finally, when combined with sample ages, a RSL reconstruction is 

produced. We use an Errors-In-Variables Integrated Gaussian Process model (Cahill et al., 

2015) that accounts for the vertical and chronological uncertainties of the RSL data to 

examine a probabilistic assessment of past RSL changes and rates of past RSL change to 

examine differences in the southern New Jersey record with and without the informative 

foraminifera variability prior.  

 

4. Results 

4.1. Monitoring Stations 

All four stations are located in a high marsh or high marsh-upland transition environment 

above MHHW based on their vegetation and/or local tidal datums (Table 1). Station 1 is a 

high marsh, high salinity site primarily vegetated by Spartina alterniflora (short form) with 

an average salinity of 39.6 ± 8.8 psu over the three-year sampling period. Station 1 has an 

elevation of 212-223 SWLI units, which is equivalent to 0.68 ± 0.03 m MTL, or 0.11 m 

above local MHHW. The substrate of station 1 is a sandy silt and had the lowest organic 

content of the four monitoring stations of 29.0% ± 7.9% by weight. Stations 2 and 3 are 

both high marsh, low salinity sites. Station 2 is primarily vegetated by Spartina patens and 

had an average salinity of 13.7 ± 4.9 psu over the three-year sampling period. Station 2 has 

an elevation of 211-224 SWLI units, which is equivalent to 0.68 m MTL, or 0.27 m above 

local MHHW. The substrate of station 2 is a sandy silt and had the highest organic content 

of 81.1% ± 3.5% by weight. Station 3 is primarily vegetated by Spartina patens and 

Distichlis spicata, but borders Phragmites australis, and had an average salinity slightly 

lower than Station 2 of 13.1 ± 4.9 psu. Station 3 has a hummocky nature and its elevation 
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ranges from 192-227 SWLI units, which is equivalent to 0.46 – 0.60 m MTL, or 0.05 – 

0.20 m above local MHHW. The substrate of station 3 is a sandy silt with an organic 

content of 64.3% ± 3.9% by weight. Station 4 is a high marsh-upland transition, brackish 

site vegetated by Phragmites australis and had the lowest salinity of the four monitoring 

stations with an average of 2.9 ± 2.0 psu over the three-year sampling period. Station 4 has 

the highest elevation of the four monitoring stations at 248-264 SWLI units, which is 

equivalent to 0.61 m MTL, or 0.21 m above local MHHW. The substrate of station 4 is a 

fine silt with an organic content of 53% ± 7.6% by weight. Monitoring Station 4 was 

established in March 2015; therefore, year one refers to data only from Spring and Summer 

2015. 

 

4.2. Foraminiferal Distributions 

71,658 modern foraminifera consisting of 14 agglutinated species from 182 samples were 

counted over the three-year study. Across the stations, 46 samples were taken through time 

with 136 spatial replicate samples through the sampling period. Sample count sizes ranged 

from 58 to 1196 tests/10 cm3 with an average of 389 ± 221 tests/10 cm3 (Figure 3). The 

standing crop of foraminifera was greatest in year three when a total of 26194 tests were 

counted (average 409 ± 200 tests/10 cm3). Furthermore, the maximum standing crops of 

foraminifera were found in the last sampling date, Summer 2017, when a total of 7552 dead 

foraminifera were identified from the four replicates. The average range in count size and 

coefficient of variation (CV) among replicates was 235 ± 150 tests and 29 ± 14%, 

respectively.  
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The dominant foraminifera species across the stations in order of most abundant to least 

abundant were Jadammina macrescens (21408 tests), Balticammina pseudomacrescens 

(14448 tests), Tiphotrocha comprimata (13912 tests), Trochammina inflata (9688 tests), 

Haplophragmoides spp. (5252 tests), and Ammoastuta inepta (1982 tests). None of the 

foraminifera species exhibited a clear seasonal pattern across all monitoring stations. J. 

macrescens had the lowest average CV among replicates at 48 ± 29% and A. inepta had 

the highest average CV at 97 ± 57%.  

 

We used PAM analysis with four groups to examine the composition of the entire 

foraminifera dataset. The average silhouette width is 0.56, meaning the samples fit well 

into four groups, as the value is close to 1 (Figure 4). The samples from Station 1 and 

Station 4 each fit into a group with an average silhouette width of 0.62, and Station 2 and 

Station 3 samples each fit into a group with an average silhouette width of 0.51. The higher 

silhouette widths for Stations 1 and 4 show that the samples in those groups are more 

similar to each other, and therefore their foraminifera assemblages are more consistent over 

time and space. All but 11 of 184 samples were assigned to a group corresponding to the 

monitoring station they were sampled from, indicating that each station has a site-specific 

assemblage. These 11 samples all had the lowest silhouette widths of all samples and did 

not as clearly belong to any one group. 10 of the 11 samples were from Stations 2 and 3, 

which had the lower silhouette widths and therefore less consistent assemblages over time 

and space.  
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4.3. Temporal and Spatial Variability of Foraminifera at Monitoring Station 1 

Monitoring Station 1’s count size ranged from 58 to 616 tests/10 cm3 with an average of 

229 ± 112 tests/10 cm3 (Figure 5). The standing crop of foraminifera was greatest in year 

three when a total of 4618 tests were counted (average 289 ± 148 tests/10 cm3). 

Furthermore, the maximum standing crops of foraminifera were found in the last sampling 

date, Summer 2017, when a total of 1596 dead foraminifera were identified from the four 

replicates. The average range in count size and coefficient of variation (CV) among 

replicates was 171 ± 129 tests and 33 ± 18%, respectively. Of the four Monitoring Stations, 

Station 1 had the highest average CV among replicates. Year two had the lowest (96 ± 37 

tests; 21 ± 19%) and year three had the highest (284 ± 180 tests; 41 ± 23%) average range 

in count size and CV. The maximum range of foraminifera and CV among replicates was 

found in Spring 2017 with 68 to 528 tests/10 cm3 and 72%, respectively. 

 

We identified 11 foraminifera species from Monitoring Station 1, which were dominated 

by Trochammina inflata, Jadammina macrescens, and Tiphotrocha comprimata (Figure 

5). The remaining 8 species found at Station 1 remained below 10% relative abundance for 

the majority of all samples (Appendix A). 

 

T. inflata was the dominant species in 47 of the 48 samples from Station 1. T. inflata 

standing crop varied from 22 to 436 tests/10 cm3 (average 144 ± 80 tests/10 cm3). Changes 

in the total standing crop are similar to changes in T. inflata. For example, T. inflata 

standing crop also was greatest in year three (3080 total tests; average 193 ± 101 tests/10 

cm3). T. inflata exhibited no clear seasonal pattern. Of the three dominant species at 
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Monitoring Station 1, T. inflata had the largest range in standing crop of foraminifera 

(average of 102 ± 87) but the smallest CV (average of 32 ± 20%) among replicate samples. 

Similar to the total count, year two had the lowest (54 ± 28 tests; 19 ± 12%) and year three 

had the highest (191 ± 100 tests; 43 ± 18%) average range in count size and CV. 

 

The second most dominant species, Jadammina macrescens had a standing crop that varied 

from 6 to 166 tests/10 cm3 (average 53 ± 34 tests/10 cm3). Similar to the total count and T. 

inflata, J. macrescens standing crop also was greatest in year three (1148 total tests; 

average 72 ± 37 tests/10 cm3). The maximum standing crops were also found in Summer 

2017 when a total of 362 tests were identified from the four replicates. J. macrescens 

exhibited no clear seasonal pattern. J. macrescens had an average range in count size and 

CV among replicates of 52 ± 37 tests and 44 ± 25%, respectively. Similar to T. inflata, the 

replicate range was greatest in the third year of sampling with an average range among 

samples of 71 ± 57 tests.  

 

The third most dominant species, T. comprimata, had a standing crop that varied from 2 to 

132 tests/10 cm3 (average 23 ± 25 tests/10 cm3). T. comprimata standing crop remained 

stable from 400 total tests in year one (average 25 ± 29 tests/10 cm3) to 362 total tests in 

year three (average 23 ± 31 tests/10 cm3). T. comprimata did, however, exhibit a seasonal 

pattern.  For example, the maximum standing crops of each year were found in Spring 

2015, Spring 2016, and Spring 2017 when a total of 226 tests, 124 tests, and 192 tests were 

identified from the four replicates, respectively. Of the three dominant species at 

Monitoring Station 1, T. comprimata had the smallest range in standing crop (average of 
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35 ± 37) foraminifera but the highest CV (average of 60 ± 25%) among replicate samples. 

Similar to the total count and T. inflata, year two had the lowest (21 ± 3 tests; 45 ± 16%) 

and year three had the highest (45 ± 53 tests; 70 ± 38%) average range in count size and 

CV. The replicate sample ranges for T. comprimata were greatest in the spring sampling 

periods for all three years. For example, in year three the range in standing crop among 

replicates was 122 tests/10cm3 in spring compared to an average of 19 tests/10cm3 for the 

rest of the year.  

 

The live foraminifera assemblage at Monitoring Station 1 had smaller standing crops 

compared to the dead assemblage, with count sizes ranging from 0 to 214 tests/10 cm3 with 

an average of 33 ± 46 tests/10 cm3 (Appendix E). The standing crop of foraminifera was 

greatest in year three when a total of 1334 tests were counted (average 70 ± 61 tests/10 

cm3). The average coefficient of variation (CV) among replicates was 80 ± 51%, 

respectively. Of the four Monitoring Stations, Station 1 had the highest average CV among 

replicates. We identified 6 live foraminifera species from Monitoring Station 1, which were 

dominated by Trochammina inflata, Jadammina macrescens, and Balticammina 

pseudomacrescens (Appendix E); however, B. pseudomacrescens was found in very low 

numbers (<20 tests/10 cm3). T. inflata and J. macrescens were also two of the three 

dominant species in the dead assemblage. None of the species in the live assemblage 

exhibited a clear seasonal pattern. 
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4.4. Temporal and Spatial Variability of Foraminifera at Monitoring Station 2 

Monitoring Station 2’s count size ranged from 186 to 1130 tests/10 cm3 with an average of 

500 ± 225 tests/10 cm3 (Figure 6). In contrast to Monitoring Station 1, the standing crop of 

foraminifera was greatest in year one (average 601 ± 269 tests/10 cm3). Indeed, the 

maximum standing crops of foraminifera were found in the first sampling date, Fall 2014, 

when a total of 3262 dead foraminifera were identified from the four replicates. The 

average range in count size and CV among replicates was 262 ± 149 tests and 26 ± 14%, 

respectively. Of the four Monitoring Stations, Station 2 had the smallest average CV among 

replicates. Year one had the highest average range in count size and CV at 393 ± 190 tests 

and 33 ± 16%, respectively. The greatest range of foraminifera among replicates was found 

in the first sampling date, Fall 2014, with 478 to 1130 tests/10 cm3. 

 

We identified 10 foraminifera species from Monitoring Station 2, which were dominated 

by Jadammina macrescens, Balticammina pseudomacrescens, and Tiphotrocha 

comprimata (Figure 6). The remaining 7 species found at Station 2 remained below 10% 

relative abundance for the majority of all samples (Appendix A). 

 

J. macrescens was the dominant species in 35 of the 48 samples. J. macrescens standing 

crop varied from 46 to 656 tests/10 cm3 (average 239 ± 141 tests/10 cm3). Changes in the 

total standing crop are similar to changes in J. macrescens. For example, J. macrescens 

standing crop was greater in year one (average 275 ± 161 tests/10 cm3) and year three 

(average 299 ± 134 tests/10 cm3) compared to year two (average 143 ± 60 tests/10 cm3). J. 

macrescens exhibited no clear seasonal pattern. Of the three dominant species, J. 
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macrescens had the largest average range in standing crop of foraminifera (average of 188 

± 110) but the smallest CV (average of 37 ± 22%) among replicate samples. Similar to the 

total count, the replicate range was smallest in the second year of sampling with an average 

range among samples of 93 ± 42 tests. 

 

The second most dominant species, B. pseudomacrescens, had a standing crop that varied 

from 14 to 456 tests/10 cm3 (average 157 ± 91 tests/10 cm3). B. pseudomacrescens standing 

crop was relatively stable seasonally and annually except in Spring 2015 when a total of 

1296 tests were identified from the four replicates. B. pseudomacrescens had an average 

range in count size and CV among replicates of 124 ± 79 tests and 41 ± 26%, respectively. 

 

The third most dominant species, T. comprimata, had a standing crop that varied from 8 to 

346 tests/10 cm3 (average 76 ± 64 tests/10 cm3). Similar to the total count, T. comprimata 

standing crop was greatest in year one (average 114 ± 81 tests/10 cm3) with the maximum 

standing crop found in the first sampling date, Fall 2014, when a total of 748 tests were 

identified from the four replicates. Unlike at Monitoring Station 1, T. comprimata exhibited 

no clear seasonal pattern. Similar to the total count and B. pseudomacrescens, the average 

replicate range and CV was greatest in year one (154 ± 61 tests; 63 ± 15%). 

 

The live foraminifera assemblage at Monitoring Station 2 had smaller standing crops 

compared to the dead assemblage, with count sizes ranging from 0 to 282 tests/10 cm3 with 

an average of 61 ± 70 tests/10 cm3 (Appendix E). The standing crop of foraminifera was 

greatest in year three when a total of 1680 tests were counted (average 88 ± 85 tests/10 
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cm3). The average coefficient of variation (CV) among replicates was 64 ± 38%, 

respectively. We identified 9 live foraminifera species from Monitoring Station 2, which 

were dominated by Jadammina macrescens, Balticammina pseudomacrescens, and 

Tiphotrocha comprimata (Appendix E). These are the same three dominant species found 

in the dead assemblage. None of the species in the live assemblage exhibited a clear 

seasonal pattern. 

 

4.5. Temporal and Spatial Variability of Foraminifera at Monitoring Station 3 

Monitoring Station 3 had count sizes ranging from 212 to 1196 tests/10 cm3 with an 

average of 553 ± 198 tests/10 cm3 (Figure 7). In contrast to Monitoring Stations 1 and 2, 

the standing crop of foraminifera was greatest in year two (average 622 ± 178 tests/10 cm3). 

For example, the maximum standing crops of foraminifera were found in Fall 2015 when 

a total of 3188 dead foraminifera were identified from the four replicates. Of the four 

Monitoring Stations, Station 3 had the highest average range in count size among replicates 

of 339 ± 157 tests. Year one had the highest average range in count size and CV among 

replicates at 407 ± 235 tests and 35 ± 13%, respectively. In addition, the greatest range of 

foraminifera among replicates was also found in the first sampling date, Fall 2014, with 

504 to 1196 tests/10 cm3.  

 

We identified 12 foraminifera species from Monitoring Station 3, which were dominated 

by Tiphotrocha comprimata, Balticammina pseudomacrescens, and Haplophragmoides 

spp. (Figure 7). The remaining 9 species remained below 10% relative abundance for the 

majority of all samples (Appendix A). 
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T. comprimata was the dominant species in 34 of the 48 samples. T. comprimata standing 

crop varied from 60 to 380 tests/10 cm3 (average 190 ± 74 tests/10 cm3). Changes in the 

total standing crop are similar to changes in T. comprimata. For example, T. comprimata 

standing crop was also greatest in year two (average 224 ± 75 tests/10 cm3) and the 

maximum standing crops were found in Fall 2015 when a total of 1162 tests were identified 

from the four replicates. Similar to Monitoring Station 1, T. comprimata exhibited a 

seasonal pattern; however, an opposite pattern was observed. Maximum standing crops 

each year were found in Fall and Winter, and minimum standing crops each year were 

found in Spring and Summer. For example, in year two, the average standing crop for Fall 

and Winter was 277 ± 50 tests/10 cm3 and the average standing crop for Spring and 

Summer was 170 ± 53 tests/10 cm3. Of the three dominant species at Monitoring Station 

3, T. comprimata had the largest range in standing crop (average of 121 ± 48) but the 

smallest CV (average of 30 ± 13%) among replicate samples. Similar to the total count, the 

average replicate range and CV was greatest in year one (127 ± 67 tests; 35 ± 16%). 

 

The second most dominant species, B. pseudomacrescens, had a standing crop that varied 

from 38 to 302 tests/10 cm3 (average 128 ± 60 tests/10 cm3). B. pseudomacrescens standing 

crop was relatively stable interannually except in Fall 2015 when a total of 910 tests were 

identified from the four replicates. Seasonally, the standing crop was highest in the fall for 

all three years. For example, in year two the mean standing crop was 228 ± 52 tests/10cm3 

in fall compared to an average of 113 ± 39 tests/10cm3 for the rest of the year. B. 

pseudomacrescens had an average range in count size and CV among replicate samples of 
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106 ± 59 tests and 36 ± 17%, respectively. Similar to the total count and T. comprimata, 

the replicate range and CV was greatest in year one (129 ± 78 tests and 43 ± 20%).  

 

The third most dominant species, Haplophragmoides spp., had a standing crop that varied 

from 12 to 266 tests/10 cm3 (average 92 ± 60 tests/10 cm3). Haplophragmoides spp. 

standing crop was greater in year two (average 118 ± 58 tests/10 cm3) and year three 

(average 112 ± 63 tests/10 cm3) compared to year one (average 47 ± 27 tests/10 cm3). 

Haplophragmoides spp. exhibited no clear seasonal pattern. Similar to the total count, T. 

comprimata, and B. pseudomacrescens, the average CV was greatest in year one (56 ± 

25%). Average CV among replicates was smallest in the fall for each year at 30%, 20%, 

and 18% for Fall 2014, Fall 2015, and Fall 2016, respectively. 

 

The live foraminifera assemblage at Monitoring Station 3 had smaller standing crops 

compared to the dead assemblage, and the smallest live count sizes of the four monitoring 

stations, ranging from 0 to 78 tests/10 cm3 with an average of 17 ± 22 tests/10 cm3 

(Appendix E). The standing crop of foraminifera was greatest in year three when a total of 

502 tests were counted (average 26 ± 24 tests/10 cm3). The average coefficient of variation 

(CV) among replicates was 74 ± 55%, respectively. We identified 9 live foraminifera 

species from Monitoring Station 3, which were dominated by Tiphotrocha comprimata, 

Balticammina pseudomacrescens, and Trochammina inflata (Appendix E). T. comprimata 

and B. pseudomacrescens were also two of the three dominant species in the dead 

assemblage. None of the species in the live assemblage exhibited a clear seasonal pattern. 
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4.6. Temporal and Spatial Variability of Foraminifera at Monitoring Station 4 

Monitoring Station 4 had similar count sizes ranging from 88 to 456 tests/10 cm3 with an 

average of 252 ± 86 tests/10 cm3 (Figure 8). Unlike the other three Monitoring Stations, 

the standing crop of foraminifera remained stable through all three years from an average 

of 265 ± 100 tests/10 cm3 in year one to an average of 242 ± 104 tests/10 cm3 in year two 

to an average of 256 ± 60 tests/10 cm3 in year three. Of the four Monitoring Stations, 

Station 4 had the smallest average range in count size among replicates of 156 ± 68 tests; 

the average CV was 28% ± 10. Year one had the highest average range and CV in count 

size among replicates (245 ± 7 tests; 41 ± 2%).  

 

We identified 10 foraminifera species from Monitoring Station 4, which were dominated 

by Jadammina macrescens, Ammoastuta inepta, Balticammina pseudomacrescens, and 

Haplophragmoides spp. (Figure 8). The remaining 6 species found at station 4 remained 

below 10% relative abundance for the majority of all samples (Appendix A). 

 

J. macrescens was the dominant species in all 40 samples. J. macrescens standing crop 

varied from 58 to 294 tests/10 cm3 (average 166 ± 64 tests/10 cm3). Changes in the total 

standing crop are similar to changes in J. macrescens. For example, J. macrescens standing 

crop remained fairly stable through all three years from an average of 186 ± 83 tests/10 

cm3 in year one to an average of 160 ± 60 tests/10 cm3 in year three. J. macrescens did 

exhibit a seasonal pattern. The standing crop was lowest in the fall for both years that 

included samples in September. For example, in year three the average standing crop was 

108 ± 17 tests/10cm3 in fall compared to an average of 178 ± 60 tests/10cm3 for the rest of 
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the year. Of the four dominant species, J. macrescens had the largest average range in 

standing crop (average of 96 ± 63) but the smallest CV (average of 25 ± 13%) among 

replicate samples. Similar to the total count, year one had the highest average range in 

count size among replicates (181 ± 52 tests) and the greatest CV (44 ± 8%).  

 

The second most dominant species, A. inepta, had a standing crop that varied from 2 to 124 

tests/10 cm3 (average 30 ± 30 tests/10 cm3). A. inepta exhibited no clear seasonal pattern. 

A. inepta had an average range in standing crop among replicate samples of 42 ± 31 tests 

and of the four dominant species at Monitoring Station 4, A. inepta had the highest average 

CV among replicates of 69 ± 26%. The CV was lowest in the fall for both years that 

included samples in September. For example, in year three the CV was 33% in fall 

compared to an average of 66 ± 26% for the rest of the year. 

 

The third and fourth most dominant species, B. pseudomacrescens and Haplophragmoides 

spp. had standing crops that varied from 0 to 56 tests/10 cm3 (average of 15 ± 14 tests/10 

cm3). Haplophragmoides standing crop showed annual increases from an average of 7 ± 5 

tests/10 cm3 in year one to 22 ± 10 tests/10 cm3 in year three. In contrast, B. 

pseudomacrescens standing crop showed annual decreases during the study period from an 

average of 24 ± 14 tests/10 cm3 in year one to 6 ± 5 tests/10 cm3 in year three. Neither B. 

pseudomacrescens nor Haplophragmoides spp. exhibited a seasonal pattern. Of the four 

dominant species at Monitoring Station 4, B. pseudomacrescens and Haplophragmoides 

spp. had the smallest average range in standing crop among replicate samples of 19 ± 17 

and 14 ± 7 tests, respectively.  
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The live foraminifera assemblage at Monitoring Station 4 had smaller standing crops 

compared to the dead assemblage, and the largest live count sizes of the four monitoring 

stations, with count sizes ranging from 0 to 268 tests/10 cm3 with an average of 74 ± 69 

tests/10 cm3 (Appendix E). The standing crop of foraminifera was greatest in year two 

when a total of 1858 tests were counted (average 98 ± 74 tests/10 cm3). The average 

coefficient of variation (CV) among replicates was 40 ± 30%, respectively. Of the four 

Monitoring Stations, Station 4 had the lowest average CV among replicates. We identified 

8 live foraminifera species from Monitoring Station 4, which were dominated by 

Jadammina macrescens, Ammoastuta inepta, Balticammina pseudomacrescens, and 

Haplophragmoides spp. (Appendix E). These are the same four dominant species found in 

the dead assemblage. None of the species in the live assemblage exhibited a clear seasonal 

pattern. 

 

4.7. Post-Flood Sampling Foraminifera Results 

The samples taken after the flooding events in October 2015 and February 2016 had 

comparable dead foraminifera standing crops, overall species assemblages, and dominant 

species compared to the rest of the three-year sampling period. The sample from 

Monitoring Station 1 after flooding associated with Hurricane Joaquin in October 2015 had 

a standing crop of 134 tests/10 cm3 (Figure 5). The sample contained 5 species and was 

dominated by T. inflata, J. macrescens, and T. comprimata, in order of most to least 

abundant, which is the same as other sampling periods.  
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The sample from Monitoring Station 1 after flooding in January 2016 had a standing crop 

of 110 tests/10 cm3 and was also dominated by T. inflata, J. macrescens, and T. comprimata 

(Figure 5). At Monitoring Station 2, the sample contained 6 species with a total standing 

crop of 338 tests/10 cm3 (Figure 6). The sample was dominated by J. macrescens, B. 

pseudomacrescens, and T. comprimata, which are the same dominant species found 

throughout the three years. At Monitoring Station 3, the standing crop was 354 tests/10 

cm3 (Figure 7). We identified 8 species, which were dominated by T. comprimata, 

Haplophragmoides spp., and T. inflata. T. comprimata and Haplophragmoides spp. were 

two of the three dominant species at Station 3 over the three years, in addition to B. 

pseudomacrescens. However, T. inflata was the overall fourth dominant species over the 

sampling period at Station 3 and B. pseudomacrescens was present in the post-flooding 

sample. At Monitoring Station 4, the sample contained 6 species with a total standing crop 

of 344 tests/10 cm3 (Figure 8). The dominant species were J. macrescens, A. inepta, 

Haplophragmoides spp., and M. petila. J. macrescens, A. inepta, and Haplophragmoides 

spp. were three of the four dominant species at Station 4 over the three years, in addition 

to B. pseudomacrescens. However, M. petila was the overall fifth dominant species over 

the sampling period at Station 4 and B. pseudomacrescens was present in the post-flooding 

sample. 

 

4.8. Stable Carbon Isotope Geochemistry 

δ13C values across the stations ranged from -15.7‰ to -28.0‰. Stations 1, 2, and 3 all had 

average δ13C values less depleted than -18.9‰, which is associated with a C4 dominated 

salt-marsh plant community and corresponds to all three of these sites’ Spartina vegetation 
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(Figure 9). Station 1 bulk sediment samples had an average δ13C value of -16.7‰ ± 0.5 

over the three years, Station 2 had an average δ13C value of -15.7‰ ± 0.5, and Station 3 

had an average δ13C value of -17.5‰ ± 1.8. Stations 1 and 2 exhibited some replicate 

variability (<1.5‰) and variability through time (<2.4‰), but δ13C values always remained 

within the range for C4 plant communities. Station 3 also exhibited some replicate 

variability (<0.2‰) and variability through time (<2.0‰) for the first two and half years; 

however, in the spring and summer of the third year, δ13C values became more depleted (-

19.2‰ to -22.7‰) towards intermediate values between C3 and C4 plant communities and 

closer to C3 vegetation. Two additional samples from Station 3 taken three months and six 

months after the anomalous values showed a return to less depleted values (-18.2‰; -

17.1‰), which were consistent with the first two and a half years of measurements. Station 

4 had an average δ13C value of -28.0‰ ± 0.2, indicating a C3 dominated salt-marsh plant 

community, which corresponds to Station 4’s Phragmites australis vegetation (Figure 9). 

Station 4 δ13C values exhibited the least variability through time (<0.7‰) among the four 

stations. 

 

4.9. Bayesian Transfer Function Elevation Estimates 

We ran a Bayesian transfer function on the foraminiferal data from each sampling period 

for each monitoring station to obtain an elevation estimate for each monitoring station. We 

illustrate the analysis for Station 1 in Figure 10 with the remaining stations summarized in 

Table 2 and Appendix F. 
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Under a 95% uncertainty interval, all samples from each monitoring station predicted a 

SWLI estimate within the observed elevation range of that station. For example, at 

Monitoring Station 1 (observed elevation = 212-223), the smallest 95% uncertainty interval 

ranges from 178-257 SWLI units, and the largest interval ranges from 120-275 SWLI units. 

Monitoring Station 1 had the smallest range (197-219) of SWLI estimates among the 

stations and Monitoring Station 3 had the largest range (133-240). In addition, of the four 

stations, Monitoring Station 1 had the smallest average SWLI uncertainty in elevation 

estimates at 26.5 SWLI units, while Monitoring Station 3 had the largest average SWLI 

uncertainty at 36.5 SWLI units. 

 

SWLI estimates have a relationship with count size and the presence or greater number of 

rare species. Samples with a smaller count size compared to replicates taken at the same 

time often have an anomalous SWLI estimate. For example, in Summer 2015 at Monitoring 

Station 2 (observed elevation = 211-224), the four replicate samples had comparable 

foraminifera assemblages, but count sizes of 480, 554, 228, and 488 tests and SWLI 

estimates of 226, 222, 195, and 222, respectively. The presence of rare species, such as M. 

fusca or Ammobaculites spp. appears to decrease a sample’s SWLI estimate, while M. 

petila appears to increase a sample’s SWLI estimate. For example, in Spring 2016 at 

Monitoring Station 1 (observed elevation = 212-223), the four replicate samples had SWLI 

estimates of 212, 211, 213, and 201. The replicates had comparable assemblages, except 

the fourth sample had the presence of M. fusca (2 tests). 
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Replicate sample assemblages were added together to produce a replicate-aggregate SWLI 

estimate for each sampling period for each station to examine the influence of combining 

replicate samples taken from a small-scale spatial area on elevation estimates. The range 

in all SWLI estimates decreased in all four stations when using the replicate-aggregate 

dataset with the largest decrease at Station 4 (74 SWLI units). The replicate-aggregate 

dataset decreased the average uncertainty in the SWLI estimates compared to using the full 

dataset at Monitoring Stations 1, 2, and 4, with the greatest decrease of 11 SWLI units at 

Station 4; uncertainty did not change at Monitoring Station 3. Of the four seasons, the 

average uncertainty in the SWLI estimates with the replicate-aggregate dataset compared 

to using the full dataset decreased for all seasons at Monitoring Stations 1, 2, and 4, with 

the greatest decrease in Fall for Stations 1 and 2 and in Winter for Station 4. The uncertainty 

was reduced only in Fall (by 1.5 SWLI units) and Summer (by 1 SWLI unit) at Station 3.  

 

All sample assemblages for each season within each station were also added together to 

produce a seasonal-aggregate SWLI estimate for each season for each station to examine 

the influence of seasonal variability of foraminifera on elevation estimates. The average of 

the Fall, Winter, Spring, and Summer seasonal-aggregate SWLI estimates for each 

monitoring station did not significantly change from the average SWLI estimate using the 

full dataset or the replicate-aggregate dataset. The range in all SWLI estimates further 

decreased from the replicate-aggregate dataset at Stations 1, 3, and 4 when using the 

seasonal-aggregate dataset with the largest decrease at Station 3 (43 SWLI units). The Fall 

and Winter seasonal estimates for each monitoring station were within 3 SWLI units of the 

observed station elevations, while the Spring and Summer seasonal estimates were up to 
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15 SWLI units different from the observed station elevations. The seasonal-aggregate 

dataset also lowered the uncertainty in the SWLI estimates compared to using the full 

dataset or the replicate-aggregate dataset for all seasons except Summer at Monitoring 

Stations 1 and 4. The uncertainty was reduced only in Winter (by 3.5 SWLI units) and 

Summer (by 1 SWLI unit) at Station 2 and only in Winter at Station 3 (by 4.5 SWLI units).  

 

4.10. Informing Variability in the Bayesian Transfer Function 

The species variance analysis of the entire raw foraminifera dataset illustrates that the 

variation across monitoring stations made up ~87% of the total variation in the 

foraminiferal dataset, while the remaining ~13% of the variation can be explained by 

temporal and/or spatial variability among the replicates. The combination of the variation 

across monitoring stations and the variation among replicates contributed to an overall 

variation term that was estimated for the dominant species and subsequently incorporated 

into the Bayesian transfer function. J. macrescens/B. pseudomacrescens had the smallest 

amount of variability overall (across stations and replicates) with a sigma of 2.93. The 

variation across monitoring stations made up ~77% of the total variation for J. 

macrescens/B. pseudomacrescens, while the remaining ~23% of the variation can be 

explained by the variability among the replicates. A. inepta had the largest amount of 

variability with a sigma of 7.05. The variation across monitoring stations made up ~91% 

of the total variation for A. inepta, while the remaining ~9% of the variation can be 

explained by the variability among the replicates. For the analysis of each of the remaining 

dominant species, 79-84% of the variation is attributed to across-station variability and 16-

21% is attributed to replicate variability.  
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We incorporated the species-specific temporal and spatial uncertainty from the species 

variance analysis into the Bayesian transfer function by providing informative priors for 

the relevant variation parameters in the model (foraminifera variability prior). This is in 

addition to a geochemistry prior (Cahill et al., 2016) used to inform elevation estimates. 

The Bayesian transfer function with/without the informative foraminifera variability prior 

was applied to the fossil foraminiferal data from a southern New Jersey relative sea-level 

record of Kemp et al. (2013) (Figure 11). The PME estimates from the transfer function 

were consistent with and without the informative foraminifera variability prior. The 

average difference in PME estimates was <0.01 m and all PME estimates overlapped 

within the 95% uncertainty interval. Furthermore, the average difference in PME estimate 

uncertainties was 0.01 m. However, it is worth noting that 72% of the PME estimates using 

the informative foraminifera variability prior were lower than the PME estimates with the 

uninformative prior, by up to 0.5 m, but there was no clear pattern with the fossil 

foraminiferal assemblages. 86% of the PME estimate uncertainties were greater when 

using the informative prior, by up to 0.05 m, but also had no clear pattern with the 

foraminiferal assemblages.  

 

As one would expect, the Errors-In-Variables Integrated Gaussian Process model found 

very similar RSL change over the past ~1000 years: ~1.64 m rise with the uninformative 

foraminifera variability prior and a ~1.61 m rise with the informative prior (Figure 11).  

Furthermore, the average difference in rate predictions was 0.04 ± 0.12 mm/yr and all rate 

predictions overlapped within the 95% uncertainty interval.  Differences in predicted rates 



45 

 

were largest at the beginning (~0.12 mm/yr) and end (~0.35 mm/yr) of the record where 

rate predictions from the model have the largest uncertainties. 

 

5. Discussion 

5.1. Foraminifera Distributions 

The dead foraminiferal distributions from the high marsh and high marsh-upland transition 

monitoring stations in the Mullica River-Great Bay estuary are similar to other studies in 

New Jersey and on the U.S. mid-Atlantic coast (e.g. Culver et al., 1996; Hippensteel et al., 

2000; Kemp et al., 2011). The four monitoring stations were dominated by T. inflata, J. 

macrescens, T. comprimata, B. pseudomacrescens, Haplophragmoides spp., and A. inepta. 

Although Stations 1, 2, and 3 are all located in high marsh above MHHW and Station 4 in 

high marsh-upland transition above MHHW, the foraminiferal assemblages and dominant 

foraminifera differ. PAM analysis showed that 173 of the 184 samples were grouped 

corresponding to the monitoring station they were sampled from, and the species variance 

estimates illustrated that the variation across monitoring stations made up ~85% of the total 

variation in the foraminiferal dataset, demonstrating unique site-specific assemblages. 

 

High marsh assemblages of dead foraminifera have been shown to vary both among and 

within regions (e.g. Ellison and Nichols, 1976; Wright et al., 2011, Kemp et al., 2013). 

While salt-marsh foraminifera distributions are strongly linked with tidal elevation (e.g. 

Horton and Edwards, 2006; Kemp et al., 2013), variability in foraminiferal assemblages 

among high marsh sites may be controlled by secondary environmental factors such as 

salinity (e.g. Nikitina et al., 2003; Kemp et al., 2009; Wright et al., 2011; Kemp et al., 2012, 
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2013). Our four monitoring stations exhibit a salinity gradient which varies by up to 35 psu 

among the stations. Along the Atlantic coast of North America, Wright et al. (2011) 

demonstrated the spatial differences in high marsh foraminifera assemblages among 

regions. Similarly, in the Chesapeake Bay region, middle and high-marsh environments 

consist of assemblages of variable proportions of several dominant species, which were 

correlated with salinity gradients (Ellison et al., 1965; Ellison and Nichols, 1976). In North 

Carolina and New Jersey, Kemp et al. (2009, 2013) also found sub-regional groups of 

foraminifera from high marsh environments where spatial differences in species 

composition likely reflected the distribution of salinity regimes of the region due to the 

balance between marine tidal influence and freshwater input from rivers at individual sites. 

The organic content varies by up to 50% and grain size varies from a fine silt to sandy silt 

among stations; however, substrate variability has been shown to have minimal influence 

on marsh foraminiferal assemblages (Alve and Murray, 1999; Horton and Edwards, 2006).  

 

Monitoring Station 1 is found in Spartina alterniflora (short form) high marsh, with the 

highest salinity (39.6 ± 8.8) of the 4 monitoring stations and a foraminifera assemblage 

dominated by agglutinated species Trochammina inflata, Jadammina macrescens, and 

Tiphotrocha comprimata. Similar foraminiferal assemblages have been observed in high 

marsh/high salinity salt marshes. On the U.S. mid-Atlantic coast, T. inflata has been 

recognized as a dominant species in the middle and high marsh (e.g. Hippensteel et al., 

2000; Kemp et al., 2009; Kemp et al., 2012). In North Carolina, Kemp et al. (2009) also 

found T. inflata-dominated assemblages associated with higher salinity sites. Kemp et al. 
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(2012) recognized distinct high marsh groups with varying proportions of T. inflata, J. 

macrescens, and T. comprimata in New Jersey. 

 

Monitoring Stations 2 and 3 are both found in high marsh/low salinity environments. While 

both stations are above MHHW and the salinity at these two stations is comparable (Station 

2 with an average of 13.7 ± 4.9 and Station 3 with an average of 13.1 ± 4.9), Station 2 has 

a foraminiferal assemblage dominated by agglutinated Jadammina macrescens, 

Balticammina pseudomacrescens, Tiphotrocha comprimata, and Station 3 has a 

foraminiferal assemblage dominated by agglutinated Balticammina pseudomacrescens, 

Tiphotrocha comprimata, and Haplophragmoides spp. However, Station 3 has a slightly 

lower elevation than Station 2 and the hummocky nature of the marsh surface at Station 3 

results in a larger elevational range (192-228 SWLI units) that was sampled at this 

monitoring station, which could contribute to the differences in foraminifera assemblages 

between these two stations. For example, De Rijk and Troelstra (1997) noted variability in 

assemblages due to local variations in elevation and salinity from the effects of unvegetated 

marsh surface areas and pond holes with changing salinities from the influence of tides. 

Further, 10 of the 11 samples that were not assigned to a PAM analysis group 

corresponding to the monitoring station they were sampled from were from Stations 2 and 

3. This incorrect grouping and the lower silhouette widths of these 10 samples suggests a 

less consistent assemblage over time.  

 

Similar foraminiferal assemblages have been observed in high marsh/low salinity salt 

marshes that correspond to both Stations 2 and 3. In New Jersey and North Carolina, high 
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marsh assemblages have been dominated by J. macrescens, T. comprimata, and 

Haplophragmoides spp. (Kemp et al, 2009, 2012, 2013). Assemblages dominated by T. 

comprimata, which is a dominant species at both Stations 2 and 3, have specifically been 

associated with lower salinity sites (Kemp et al., 2013). Kemp et al. (2012) found lower 

abundances of B. pseudomacrescens in the high marsh in New Jersey, although it is a 

dominant species at both Stations 2 and 3. B. pseudomacrescens has not been recorded in 

North Carolina or Virginia (Spencer, 2000; Kemp et al., 2009; Wright et al., 2011), but has 

been more prevalent in New England and Newfoundland, Canada (de Rijk, 1995; de Rijk 

and Troelstra, 1997; Gehrels and van de Plassche, 1999; Edwards et al., 2004; Wright et 

al., 2011). In New Jersey, Haplophragmoides spp., which is a dominant species at Station 

3, has been found to be a dominant species in high marsh and transitional high marsh-

upland environments, often above MHHW (Kemp et al., 2012, 2013), and in 

Massachusetts, Haplophragmoides spp. has been associated with low salinity, high marsh 

settings (de Rijk, 1995; de Rijk and Troelstra, 1997).  

 

Monitoring Station 4 is found in Phragmites australis high marsh-upland transition, with 

the lowest salinity (2.9 ± 2.0) and highest elevation (248-264 SWLI) of the 4 monitoring 

stations. The foraminiferal assemblage is dominated by agglutinated species Jadammina 

macrescens, which is consistent with other studies on the U.S. mid-Atlantic coast which 

found maximum abundances of J. macrescens in high marsh-upland transition 

environments with low salinities (e.g. Spencer, 2000; Nikitina et al., 2003; Robinson and 

McBride, 2006; Horton and Culver, 2008; Kemp et al., 2009). Beginning with the work of 

Scott and Medioli (1978, 1980), salt-marsh foraminifera assemblages dominated by J. 
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macrescens have been considered the highest elevational zone at the high marsh-upland 

transition. Ammoastuta inepta, Balticammina pseudomacrescens, and Haplophragmoides 

spp. are also found in high abundances at Station 4. In low salinity, brackish high marsh-

upland transition environments, A. inepta has been found to be a dominant species in New 

Jersey and North Carolina (Scott et al., 2001; Culver and Horton, 2005; Kemp et al., 2009; 

Kemp et al, 2013). In New Jersey, Kemp et al. (2012, 2013) found low abundances of B. 

pseudomacrescens in the highest marsh zones and found greater abundances of 

Haplophragmoides spp. in transitional environments above MHHW. 

 

5.2. Temporal Variability 

Modern dead assemblages (compared to live or live plus dead assemblages) have been used 

for sea-level studies, because they most resemble subsurface assemblages and they are 

thought to minimize temporal variability in modern distributions (e.g. Horton, 1999; 

Horton and Edwards, 2003; Morvan et al., 2006). Similarly, the dead foraminiferal 

assemblages and dominant species from the Mullica River-Great Bay estuary remained 

relatively consistent temporally at each monitoring station during the three-year study 

period. The species variance analysis suggests that only ~13% of the variation in 

foraminiferal assemblages can be explained by temporal and/or spatial variability among 

the replicates.  

 

The variations in annual standing crop that were observed did not have a relationship with 

time. For example, Station 1’s standing crop was greatest in year three whereas Station 2’s 

was greatest in year one, Station 3’s was greatest in year two, and Station 4’s standing crop 
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remained stable over the three years. The inconsistency in total and individual standing 

crops annually among stations suggests changes in regional atmospheric and oceanic 

climate (air temperature, precipitation, sea surface temperature, salinity, tides) did not drive 

variability in standing crop (Figure 2). It is likely that the observed changes in standing 

crop are part of natural interannual fluctuations. Other studies have also found differing 

foraminiferal densities between years and no clear annual pattern in standing crops (e.g. 

Murray and Alve, 2000; Buzas et al., 2002; Hippensteel et al., 2002). Seasonal variability 

of individual foraminiferal species was also inconsistent among the four monitoring 

stations. For example, although T. comprimata exhibited a seasonal pattern at two of the 

three monitoring stations where it was a dominant species, an opposite seasonal pattern 

was observed. The absence of a translation from live foraminifera seasonal life cycles into 

the dead assemblage has been documented (Horton and Murray, 2006, 2007; Morvan et 

al., 2006).  

 

Additionally, specific storm and flooding events did not affect dead foraminiferal 

assemblages and dominant species. Since the sampling occurred approximately two weeks 

after the flooding events, it is evident that the marsh assemblages either experienced no 

change or rapidly recovered. There was no evidence for the influence of flooding on the 

marshes, such as the presence of overwash material which can be deposited in marsh 

environments and identified using changes in foraminifera assemblages (e.g. Hippensteel 

and Martin, 1999; Culver et al., 2006; Pilarczyk et al., 2014). Therefore, these flooding 

events were likely not large enough to deposit evidence onto the marshes. Further, after 

extreme changes in climate, foraminifera assemblages remained unaffected. For example, 
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May 2015 was the statewide third driest May on record in New Jersey from 1895-2018, 

which was followed by the fourth wettest June on record the following month, and samples 

taken at the end of June showed no change in assemblages. Therefore, the dead 

foraminifera assemblages remained stable despite climate variability and storm and 

flooding events. 

 

5.3. Spatial Variability 

Most studies of small-scale spatial variability of foraminiferal assemblages in salt marshes 

have focused on living populations (Lynts, 1966; Buzas, 1968; Buzas, 1970; Schafer, 1971; 

Swallow, 2000; Buzas et al., 2002); few have considered dead assemblages (Morvan et al., 

2006; Kemp et al., 2011). However, many studies have stressed the importance of replicate 

sampling when studying modern foraminifera (Buzas, 1969; Schafer, 1971; Murray and 

Alve, 2000, Buzas et al., 2002).  

 

Foraminiferal assemblages and dominant species from the Mullica River-Great Bay 

estuary remained consistent on small spatial scales at each monitoring station over the 

study period. Kemp et al. (2011) also found that dead foraminifera in high marsh 

environments exhibited a non-patchy distribution, as well as Buzas (1968) and Morvan et 

al. (2006) in other subtidal and intertidal environments. The four monitoring stations had 

comparable average CVs among replicates ranging from 26 to 33%. Further, the most 

dominant species at each station had the smallest average CV of all of the dominant species 

at that station, suggesting greater consistency of the most dominant species among replicate 

samples. 
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Standing crop, however, varied among replicate samples. For example, the range of total 

standing crop among replicates at Monitoring Station 3 was 407 ± 235 tests/10 cm3. 

Observed small-scale spatial variability in standing crop may be due to a variety of 

environmental factors affecting the live assemblage, including response to predation 

(Buzas, 1978, 1982), reproduction (Stouff et al., 1999), availability of food resources (Alve 

and Murray, 2001; Fontanier et al., 2003) and species interactions (Buzas, 1968; Hayward 

et al., 1996; Scott et al., 2001), which then may be influencing the distribution of the dead 

assemblages. 

 

5.4. Stable Carbon Isotope Geochemistry  

Bulk sediment δ13C values are used to represent the dominant vegetation, since the 

dominant input to salt-marsh sediment is in-situ vegetation (Chmura and Aharon, 1995; 

Malamud-Roam and Ingram, 2001; Malamud-Roam and Ingram, 2004; Lamb et al., 2006). 

Monitoring Stations 1, 2, and 3 had average bulk sediment δ13C values ranging from -

15.7‰ to -17.5‰ over the three-year sampling period, which is associated with a C4 

dominated salt-marsh plant community and corresponds to all three of these sites’ Spartina 

vegetation. Kemp et al. (2012) found similar bulk sediment δ13C values for Spartina-

dominated salt marsh zones in southern New Jersey, ranging from -18.9% to -15.4%. These 

values are also consistent with other Spartina marshes on the U.S. mid-Atlantic coast (e.g. 

Ember et al., 1987; Middleburg et al., 1997; Kemp et al., 2010). Station 4 had an average 

δ13C value of -28.0‰ ± 0.2, indicating a C3 dominated salt-marsh plant community, which 

corresponds to Station 4’s Phragmites australis vegetation. Kemp et al. (2012) found 
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slightly less depleted bulk sediment δ13C values for brackish transition marsh zones 

vegetated by Phragmites australis, Iva fructescens, and Typha spp. in southern New Jersey, 

ranging from -27.0% to -22.0%. In Massachusetts, Middleburg et al. (1997) recorded a 

bulk sediment δ13C value of -24.5% in a salt marsh-upland transition zone vegetated by 

Phragmites australis, Typha spp., and Scirpus spp. 

 

The temporal and small-scale spatial variability observed at Stations 1, 2 and 4 was very 

minimal and δ13C values always remained within the range for C4 (Stations 1 and 2) or C3 

(Station 4) plant communities. The stability in δ13C values at these three stations suggests 

inconsequential influence from seasonal, interannual, or small-scale spatial changes. 

Milker et al. (2015) also found no significant influence of interannual variations in bulk 

salt-marsh sediment δ13C values from three sampling periods over two years. Station 3 also 

exhibited minimal temporal and spatial variability for the first two and half years; however, 

in the spring and summer of the third year, δ13C values became more depleted (-19.2‰ to 

-22.7‰) towards intermediate values between C3 and C4 plant communities and closer to 

C3 vegetation. Additional samples from Station 3 taken three months and six months after 

the anomalous values showed a return to less depleted values (-18.2‰; -17.1‰), which 

were consistent with the first two and a half years of measurements. The anomalous δ13C 

values during two sampling periods most likely suggests a small-scale spatial influence in 

the marsh environment. For example, bulk sediment δ13C measurements could be 

influenced by allochthonous material as dissolved or particulate matter (Lamb et al., 2006; 

Gebrehiwet et al., 2008). Station 3 is positioned in Spartina-vegetated marsh, but is located 

on the border of Phragmites australis. Since Phragmites australis has more depleted δ13C 
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values, it is possible that fragments of Phragmites australis were introduced into the two 

samples with anomalous δ13C values, perhaps through tidal activity, resulting in more 

depleted δ13C values. These results suggest that replicate sampling might be beneficial in 

those locations on the border of different vegetation communities to account for the 

potential influence of allochthonous material to the sampling location. 

 

In order to use stable carbon isotope geochemistry as a sea-level indicator, it is necessary 

to understand the relationship between bulk sediment δ13C values and tidal elevation 

(Shennan, 1986; van de Plassche, 1986; Khan et al., 2015). For example, the transition 

between C3 and C4 dominated salt-marsh plant communities has been shown to act as the 

boundary for the mean higher high water (MHHW) tidal datum on the U.S. mid-Atlantic 

coast (e.g. Middleburg et al., 1997; Johnson et al., 2007; Kemp et al., 2012). From three 

sites in southern New Jersey, Kemp et al. (2012) found that δ13C values of salt-marsh bulk 

sediment >-22.0‰ were found above MHHW, while values < -18.9‰ were found between 

mean tide level (MTL) and MHHW. Monitoring Station 4 is consistent with these findings 

since it has δ13C values >-22.0‰ and is found above local MHHW. However, Monitoring 

Stations 1, 2 and 3 in Spartina marshes are also found above their local MHHW, but have 

δ13C values < -18.9‰.  Site-specific ecological conditions could alter the distribution of 

dominant vegetation as it relates to a tidal datum (e.g. McKee and Patrick, 1988; Kemp et 

al., 2012; Kemp et al., 2017). For example, McKee and Patrick (1988) observed that 

elevation limits of Spartina alterniflora do not always correspond to a consistent elevation 

relative to a tidal datum. The variation in Spartina alterniflora vertical distribution was 
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attributed primarily to differences in tidal range; however, local differences in salinity, 

nutrients, or physical disturbance may also have an influence (McKee and Patrick, 1988).  

 

5.5. Implications for Sea-level Studies 

The consistency of the dead foraminiferal assemblages from the Mullica River-Great Bay 

estuary is reflected by the SWLI estimates for Stations 1-4 from the Bayesian transfer 

function (Figure 10, Appendix F). The 95% uncertainty interval for each SWLI estimate 

contained the observed elevation for each sample from its corresponding monitoring 

station. Station 4 had the largest percentage of estimates within the observed elevation 

range, which is likely due to the fact that all of the foraminiferal assemblages from this 

station were overwhelmingly dominated by J. macrescens. Using the species variance 

analysis, J. macrescens/B. pseudomacrescens had the smallest amount of variability 

overall (across stations and replicates) with a sigma of 2.93. Additionally, near-

monospecific assemblages of J. macrescens are consistently associated with the highest 

elevational zone at the high marsh-upland transition (e.g. Scott and Medioli, 1978, 1980; 

Spencer, 2000; Horton and Culver, 2008; Kemp et al., 2009). Scott and Medioli (1978, 

1980) suggested this assemblage was restricted to a 6 cm vertical range below highest 

astronomical tide (HAT). 

 

The variability in standing crop and the presence of rare species of the foraminiferal 

assemblages influenced the elevation estimates and uncertainty from the Bayesian transfer 

function. Samples with a smaller count size compared to replicates taken at the same time 

often have a SWLI estimate that is anomalous compared to the other replicates, suggesting 
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the importance of count size in quantitative studies of foraminifera (e.g. Buzas, 1990; 

Hayek and Buzas, 1997; Fatela and Taborda, 2002). Other studies recommend microfossil 

count sizes as low as 50-100 specimens if only the dominant species are being studied, 

while counts of 300-1000 specimens may be necessary to fully understand the rarer species 

(Fatela and Taborda, 2002; Patterson and Fishbein, 1989).  

 

The presence or greater number of rare species, M. fusca or Ammobaculites spp., appears 

to consistently decrease that sample’s SWLI estimate, while the presence or greater number 

of M. petila consistently increases that sample’s SWLI estimate. These findings can be 

understood by the fact that M. fusca and Ammobaculites spp. are associated with lower 

elevations (e.g. Hippensteel et al., 2000; Edwards et al., 2004; Horton and Culver, 2008) 

while M. petila is associated with higher elevations (e.g. Scott and Medioli, 1978; Spencer, 

2000; Kemp et al., 2009, 2013).  

 

Combining foraminiferal data from replicate samples decreased elevation estimate 

uncertainty, suggesting the addition of replicate samples provides a greater understanding 

of a modern site’s foraminiferal distributions (e.g. Schafer, 1971; Murray and Alve, 2000, 

Buzas et al., 2002). Combining foraminiferal data from samples taken in the same seasons 

generally further lowered elevation estimate uncertainties compared to the replicate-

aggregate dataset. Both replicate-aggregate and seasonal-aggregate datasets had more 

accurate SWLI estimates, as well as lower uncertainties, in Fall and/or Winter compared 

to Spring or Summer. In a seasonal study of foraminifera, Horton and Edwards (2003) also 

found that the greatest transfer function precision was obtained using samples collected in 
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the Winter months and the weakest in the Summer, and suggested a modern foraminifera 

training set that includes samples spanning all seasons will provide the best-quality data 

for sea-level studies. Our study supports these findings in that a training set including 

samples from all seasons, as well as spatial replicate samples, will provide the most 

informative modern foraminifera data and transfer function estimates with the lowest 

uncertainties. 

 

For the first time, an informative prior has been developed to account for temporal and 

spatial variability of modern foraminifera to include in transfer functions to reconstruct 

relative sea-level change. Incorporating an informative foraminiferal variability prior into 

the Bayesian transfer function for the Kemp et al. (2013) southern New Jersey record 

minimally affected paleomarsh elevation (PME) estimates due to the consistency of the 

Mullica River-Great Bay estuary modern foraminifera assemblages through time and 

space. All PME estimates with and without the informative foraminifera variability prior 

overlapped within a 95% uncertainty interval, indicating the minimal influence that 

temporal/spatial foraminiferal variability in high marsh environments has on RSL 

reconstructions. High marsh sedimentary environments have been used for sea-level 

studies partly because of the consistency of high marsh foraminifera assemblages and their 

narrow elevation zones (e.g. Gehrels, 2000; Kemp et al., 2011; Wright et al., 2011).  

 

In addition, differences in PME estimate uncertainties with and without the informative 

foraminifera variability prior was minimal; however, most of the uncertainties of the PME 

estimates were slightly greater when using the informative foraminifera variability prior, 
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but only at an average of 0.01 m. Similarly, when applied to a RSL reconstruction, total 

RSL change and predicted rates of change over the past ~1000 years were comparable with 

and without the informative prior and overlapped within a 95% uncertainty interval. 

Therefore, although foraminiferal variations have been shown to affect elevation 

boundaries of foraminiferal zones by as much as 15% of the tidal range (Horton and 

Edwards, 2003), accounting for modern foraminifera variability still provides consistent 

high marsh RSL reconstructions.  

 

Salt-marsh foraminifera have been widely used as a proxy for high resolution sea-level 

reconstructions (e.g. Gehrels 1994; Horton and Edwards, 2006; Kemp et al., 2013). This 

study demonstrates that foraminiferal-based RSL reconstructions remain robust and 

reproducible even when accounting for temporal and spatial variability of salt-marsh 

foraminifera in the modern environment. The informative foraminifera variability prior 

could be applied to locations with similar high marsh foraminifera assemblages to our study 

sites in the Mullica River-Great Bay estuary in southern New Jersey, such as elsewhere 

along the U.S. Atlantic coast (e.g. Culver et al., 1996; Hippensteel et al., 2000; Kemp et 

al., 2011), where modern foraminifera assemblages have the potential to exhibit temporal 

and/or small-scale spatial variability. 

 

6. Conclusion 

A detailed understanding of salt-marsh foraminifera in the modern environment is 

necessary to produce relative sea-level reconstructions using foraminiferal-based transfer 

functions. We sampled four high marsh monitoring stations in the Mullica River-Great Bay 
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estuary every three months over three years to examine seasonal and interannual changes 

and small-scale spatial variability in dead modern foraminifera assemblages.  

 

We found four site-specific assemblages where the variation across monitoring stations 

explained ~87% of the total variation in the foraminiferal dataset, while the remaining 

~13% of the variation can be explained by temporal and/or spatial variability among the 

replicates. We demonstrated that overall foraminiferal assemblages and dominant 

foraminifera species at each monitoring station over the study period remain consistent 

both temporally and spatially among replicate samples, including after storm and flooding 

events. Variations in annual standing crop and among replicate samples did not exhibit any 

interannual or seasonal patterns. Temporal and small-scale spatial variability in δ13C values 

at each station was very minimal. 

 

Using a Bayesian transfer function with a modern foraminifera training set for New Jersey, 

we found that under a 95% uncertainty interval, all samples from each monitoring station 

predicted a SWLI estimate within the observed elevation range of that station. Combining 

replicate samples into a replicate-aggregate dataset lowered the uncertainty of elevation 

estimates and a seasonal-aggregate dataset further lowered elevation estimate uncertainties. 

Overall, for the replicate-aggregate and seasonal-aggregate datasets, samples from Fall and 

Winter months had more accurate elevation estimates, as well as lower uncertainties, 

compared to Spring and Summer.  
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Incorporating an informative foraminifera variability prior to account for temporal and 

spatial changes in modern foraminifera distributions into a relative sea-level record in New 

Jersey from Kemp et al. (2013), resulted in minimal changes in paleomarsh elevation 

estimates. Paleomarsh elevation estimate uncertainties only minimally increased when 

using the informative foraminifera variability prior. Further, reconstructed relative sea-

level and rates of change were comparable with and without using the informative prior. 

Therefore, including an informative foraminifera variability prior in relative sea-level 

reconstructions to account for temporal and spatial uncertainties in modern foraminifera 

distributions still results in a robust relative sea-level record. 
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Tables and Figures 

Table 1. Monitoring Station site characteristics and environmental variables. 
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Table 2. Elevation estimates and associated uncertainties from the Bayesian transfer 

function for each monitoring station using the full dataset of dead foraminifera counts, a 

replicate-aggregate dataset, and a seasonal-aggregate dataset. 
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Figure 1. (A) Location of four high marsh monitoring stations in the Mullica River-Great 

Bay estuary in southern New Jersey. (B) Station 1 is adjacent to the Rutgers University 

Marine Field Station off of Great Bay. (C) Stations 2, 3, and 4 are located north in 

Tuckerton, New Jersey. 
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Figure 2. Meteorological data for the region during the three-year sampling timeframe of 

this study from the Jacques Cousteau National Estuarine Research Reserve meteorological 

station at Nacote Creek and water quality station in Great Bay showing changes in total 

monthly precipitation and salinity and cyclical annual patterns in air temperature and sea 

surface temperature. Tide gauge data was obtained from the Atlantic City tide gauge 

through the Permanent Service for Mean Sea Level and exhibits a cyclical annual pattern. 
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Figure 3. Total counts of all dead species combined and the six dominant species across 

all four monitoring stations during the three-year sampling timeframe. Distributions in 

counts for each sampling period represent all samples including replicate samples from all 

four monitoring stations. Note variable y-axis scales for total count sizes. Coefficient of 

variation (CV) among replicates is displayed for each sampling period as a secondary y-

axis. Note variable y-axis scales for CV. 
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Figure 4. PAM analysis with four groups, showing four site-specific foraminiferal 

assemblages. All but 11 samples were assigned to a group corresponding to the monitoring 

station they were sampled from; these 11 samples had the lowest silhouette widths of all 

samples. 
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Figure 5. Total counts of all dead species combined and the three dominant species at 

Monitoring Station 1 during the three-year sampling timeframe. Distributions in counts for 

each sampling period represent the four replicate samples. Note variable y-axis scales for 

total count sizes. Coefficient of variation (CV) among replicates is displayed for each 

sampling period as a secondary y-axis. Note variable y-axis scales for CV. Two post-

storm/flooding samples represented by blue circles.  
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Figure 6. Total counts of all dead species combined and the three dominant species at 

Monitoring Station 2 during the three-year sampling timeframe. Distributions in counts for 

each sampling period represent the four replicate samples. Note variable y-axis scales for 

total count sizes. Coefficient of variation (CV) among replicates is displayed for each 

sampling period as a secondary y-axis. Note variable y-axis scales for CV. Post-

storm/flooding sample represented by blue circles.  
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Figure 7. Total counts of all dead species combined and the three dominant species at 

Monitoring Station 3 during the three-year sampling timeframe. Distributions in counts for 

each sampling period represent the four replicate samples. Note variable y-axis scales for 

total count sizes. Coefficient of variation (CV) among replicates is displayed for each 

sampling period as a secondary y-axis. Note variable y-axis scales for CV. Post-

storm/flooding sample represented by blue circles. 
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Figure 8. Total counts of all dead species combined and the four dominant species at 

Monitoring Station 4 during the three-year sampling timeframe. Distributions in counts for 

each sampling period represent the four replicate samples. Note variable y-axis scales for 

total count sizes. Coefficient of variation (CV) among replicates is displayed for each 

sampling period as a secondary y-axis. Note variable y-axis scales for CV. Post-

storm/flooding sample represented by blue circles. 
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Figure 9. δ13C values at each monitoring station during the three-year sampling timeframe, 

with two additional samples at Monitoring Station 3 in the subsequent Fall and Winter. 

Multiple data points for one sampling period represent replicate samples. Stations 1, 2, and 

3 are associated with a C4 dominated salt-marsh plant community, while Station 4 is 

associated with a C3 dominated salt-marsh plant community.  
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Figure 10. Bayesian transfer function elevation estimates (in SWLI units) from each 

sampling period for Monitoring Station 1. Observed SWLI for Station 1 is shown by gray 

bar. (A) SWLI estimates using the full foraminifera dataset of dead counts. Distributions 

in estimated SWLI for each sampling period represent the four replicate samples. (B) 

Replicate-aggregate SWLI estimates are shown as red data points on top of the estimated 

SWLI using the full dataset. (C) Seasonal SWLI estimates are shown for each season (Fall, 

Winter, Spring, Summer) using the full dataset, the replicate-aggregate dataset, and a 

seasonal-aggregate dataset. (D) Similarly, seasonal SWLI uncertainties in elevation 

estimates are shown for each season using the three different datasets. Equivalent analysis 

for Stations 2, 3, and 4 can be found in Appendix D. 
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Figure 11. Comparison of southern New Jersey relative sea-level Bayesian transfer 

function (BTF) reconstruction (Kemp et al., 2013) with and without an informative 

foraminifera variability prior to account for temporal and spatial uncertainties in modern 

foraminifera distributions. (A) Paleomarsh elevation (PME) estimates and uncertainties 

from the BTF are compared by core depth as a difference of estimates/uncertainties with 

the uninformative foraminifera variability prior minus estimates/uncertainties with the 

informative prior. (B) An Errors-In-Variables Integrated Gaussian Process model displays 

the RSL record and rates of change through time with and without using the informative 

foraminifera variability prior. (C) The difference in predicted rates of change through time 

is shown as rates with the uninformative foraminifera variability prior minus rates with the 

informative prior. 
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Plate 1. Scanning electron microscope (SEM) images of modern foraminifera. (1,2) 

Trochammina inflata; (3) Jadammina macrescens; (4, 5) Tiphotrocha comprimata; (6) 

Balticammina pseudomacrescens; (7) Ammoastuta inepta; (8) Siphotrocha lobata; (9) 

Haplophragmoides spp.; (10) Arenoparella mexicana; (11) Miliammina fusca; (12) 

Ammobaculites spp.; (13) Miliammina petila; (14) Pseudothurammina limnetis; (15) 

Trochammina ochracea. White bars represent 200 microns. 
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Appendix A: Dead foraminifera counts over the three-year study period for all four 

monitoring stations (continued on next page). 

 

 

 

 

 

 

 

 

 

Sampling Date Sample ID T. inflata J. macrescens T. comprimata S. lobata B. pseudomacrescens A. mexicana Haplophragmoides spp M. fusca M. petila A. inepta T. ochracea Textularia spp Ammobaculites spp P. limnetis

Sep-14 TK1 A 152 42 16 2 8 0 0 0 0 0 0 0 0 0

Sep-14 TK1 B 160 104 8 0 4 6 0 0 0 0 0 0 0 0

Sep-14 TK1 C 146 102 4 0 12 6 2 0 0 0 0 0 0 0

Sep-14 TK1 D 178 62 10 10 32 10 2 0 0 0 0 0 0 0

Sep-14 TK2 A 0 384 108 10 56 12 12 0 0 0 0 0 0 0

Sep-14 TK2 B 2 308 114 10 42 0 2 0 0 0 0 0 0 0

Sep-14 TK2 C 0 552 180 46 282 2 10 0 0 0 0 0 0 0

Sep-14 TK2 D 0 656 346 54 70 0 4 0 0 0 0 0 0 0

Sep-14 TK3 A 46 310 262 168 302 10 32 18 4 44 0 0 0 0

Sep-14 TK3 B 10 86 152 140 58 4 56 16 4 32 0 0 0 0

Sep-14 TK3 C 18 38 322 192 162 12 70 14 0 18 0 0 0 0

Sep-14 TK3 D 4 10 152 134 82 4 66 24 6 22 0 0 0 0

Dec-14 TK1 A 72 88 26 8 34 0 0 2 0 0 0 0 0 0

Dec-14 TK1 B 22 16 14 2 4 0 0 0 0 0 0 0 0 0

Dec-14 TK1 C 42 16 10 4 8 0 0 2 0 0 2 0 0 0

Dec-14 TK1 D 104 42 6 2 16 2 0 0 0 0 0 0 0 0

Dec-14 TK2 A 2 284 60 22 90 0 0 0 0 0 0 0 0 0

Dec-14 TK2 B 0 82 56 32 64 0 0 0 0 0 0 0 0 0

Dec-14 TK2 C 0 120 20 20 88 0 2 0 0 0 0 0 0 0

Dec-14 TK2 D 2 188 170 28 234 0 2 2 0 0 0 0 0 0

Dec-14 TK3 A 8 0 76 24 70 6 36 6 4 22 0 0 0 0

Dec-14 TK3 B 10 4 258 96 154 0 122 20 36 44 0 0 0 0

Dec-14 TK3 C 4 2 152 32 110 4 24 12 8 8 0 0 0 0

Dec-14 TK3 D 14 2 142 40 146 6 26 6 10 38 0 0 0 0

Mar-15 TK1 A 98 24 60 4 6 0 0 0 0 0 0 2 0 0

Mar-15 TK1 B 126 28 120 8 6 0 0 0 0 0 2 0 0 0

Mar-15 TK1 C 90 28 16 2 4 2 0 0 0 0 0 0 0 0

Mar-15 TK1 D 126 26 30 6 2 0 0 2 0 0 2 0 0 0

Mar-15 TK2 A 0 202 60 20 364 0 0 0 0 0 0 0 0 0

Mar-15 TK2 B 0 276 194 18 262 0 0 0 0 0 0 0 0 0

Mar-15 TK2 C 0 276 66 48 456 0 0 0 0 0 2 0 0 0

Mar-15 TK2 D 0 410 136 24 214 0 2 0 0 0 0 0 0 0

Mar-15 TK3 A 8 4 150 68 102 8 20 26 12 12 0 0 0 0

Mar-15 TK3 B 36 4 142 34 122 0 62 20 10 22 0 0 2 0

Mar-15 TK3 C 6 4 116 26 72 0 22 18 12 20 0 0 0 0

Mar-15 TK3 D 12 2 146 10 154 0 36 20 14 8 0 0 0 0

Mar-15 TK4 A 0 76 2 0 22 0 2 2 6 36 0 0 0 0

Mar-15 TK4 B 0 174 2 0 4 0 4 6 24 20 0 0 0 0

Mar-15 TK4 C 0 294 0 0 52 0 14 4 14 8 0 0 0 0

Mar-15 TK4 D 0 290 0 0 30 0 0 6 10 2 0 0 0 0

Jun-15 TK1 A 66 6 16 6 8 0 0 0 0 0 0 2 0 0

Jun-15 TK1 B 158 16 26 14 14 0 0 2 0 0 0 0 0 0

Jun-15 TK1 C 72 12 6 2 2 0 0 0 0 0 0 0 0 0

Jun-15 TK1D 68 38 32 0 4 0 0 0 0 0 0 0 0 0

Jun-15 TK2 A 4 252 60 8 152 0 4 0 0 0 0 0 0 0

Jun-15 TK2 B 0 154 130 18 248 0 4 0 0 0 0 0 0 0

Jun-15 TK2 C 0 114 38 2 72 0 0 2 0 0 0 0 0 0

Jun-15 TK2 D 2 138 80 16 250 0 2 0 0 0 0 0 0 0

Jun-15 TK3 A 14 8 180 40 132 10 56 16 6 24 0 0 0 0

Jun-15 TK3 B 8 2 138 28 168 2 54 10 4 24 0 0 0 0

Jun-15 TK3 C 6 6 108 40 160 10 60 16 8 44 0 0 38 0

Jun-15 TK3 D 2 0 60 14 64 6 12 14 6 14 0 0 20 0

Jun-15 TK4 A 0 86 2 0 20 0 10 0 8 10 0 0 2 0

Jun-15 TK4 B 0 230 0 0 32 0 10 12 20 50 0 0 0 34

Jun-15 TK4 C 0 144 0 0 18 0 6 2 8 14 0 0 0 16

Jun-15 TK4 D 0 192 0 0 14 0 8 6 10 26 0 0 0 24

Sep-15 TK1 A 88 76 24 2 8 2 0 0 0 0 2 0 0 0

Sep-15 TK1 B 100 64 4 4 6 0 0 0 0 0 0 0 0 0

Sep-15 TK1 C 98 26 10 0 2 8 0 0 0 0 0 0 0 0

Sep-15 TK1 D 130 52 12 4 0 0 0 0 0 0 0 0 0 0

Sep-15 TK2 A 8 152 30 16 102 0 16 0 0 0 0 0 0 0

Sep-15 TK2 B 4 276 28 10 140 0 6 6 0 0 0 0 0 0

Sep-15 TK2 C 4 252 40 12 100 0 2 0 0 0 0 0 0 0

Sep-15 TK2 D 0 140 12 2 58 0 0 0 0 0 0 0 0 0

Sep-15 TK3 A 20 8 252 108 240 2 96 6 12 2 0 0 0 0

Sep-15 TK3 B 62 6 300 100 296 2 146 2 2 2 0 0 0 6

Sep-15 TK3 C 28 14 380 134 188 4 118 4 0 0 0 0 0 2

Sep-15 TK3 D 6 36 230 72 186 6 100 6 4 0 0 0 0 0

Sep-15 TK4 A 0 76 0 0 18 0 2 2 2 2 0 0 0 14

Sep-15 TK4 B 0 84 0 0 2 0 2 0 0 4 0 0 0 14

Sep-15 TK4 C 0 112 0 0 40 0 6 6 12 4 0 0 0 20

Sep-15 TK4 D 0 58 0 0 10 0 6 4 0 4 0 0 0 6

Dec-15 TK1 A 130 46 34 4 6 2 0 0 0 0 0 0 0 0

Dec-15 TK1 B 140 76 30 4 2 0 0 0 0 0 0 2 0 0

Dec-15 TK1 C 126 28 26 2 0 0 0 0 0 0 0 0 0 0

Dec-15 TK1 D 120 34 16 2 0 0 0 0 0 0 0 0 0 0

Dec-15 TK2 A 10 86 16 14 232 0 6 0 0 0 0 0 0 0

Dec-15 TK2 B 2 118 22 6 198 0 2 2 0 0 0 0 0 0

Dec-15 TK2 C 2 82 8 2 112 0 2 0 0 0 0 0 0 0

Dec-15 TK2 D 2 92 16 22 232 0 2 2 0 0 0 0 0 0

Dec-15 TK3 A 6 16 300 62 126 20 134 2 0 0 0 0 0 6

Dec-15 TK3 B 26 12 278 54 168 42 108 4 0 0 0 0 0 8

Dec-15 TK3 C 22 0 252 40 56 68 60 2 0 2 0 0 0 4

Dec-15 TK3 D 6 4 226 46 72 24 58 6 2 8 0 0 0 4

Dec-15 TK4 A 0 126 0 0 24 0 10 8 16 4 0 0 0 16

Dec-15 TK4 B 0 278 2 0 34 0 14 10 22 28 0 0 0 30

Dec-15 TK4 C 0 226 0 0 28 0 16 10 24 124 0 0 0 28

Dec-15 TK4 D 0 196 0 0 12 0 26 6 30 50 0 0 0 12

Mar-16 TK1 A 46 14 18 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 B 92 12 42 0 0 0 0 0 0 0 2 0 0 0

Mar-16 TK1 C 124 32 40 2 0 0 0 0 0 0 0 2 0 0

Mar-16 TK1 D 92 26 24 0 0 0 0 2 0 0 2 0 0 0

Mar-16 TK2 A 28 136 34 14 192 0 18 0 0 0 0 0 0 0

Mar-16 TK2 B 18 96 20 8 186 0 12 2 0 2 0 0 0 0

Mar-16 TK2 C 20 162 30 6 206 0 18 0 0 0 0 0 0 0

Mar-16 TK2 D 16 192 14 4 192 0 12 4 0 0 0 0 0 0

Mar-16 TK3 A 170 6 198 4 106 0 156 2 0 0 0 0 0 0

Mar-16 TK3 B 186 6 216 12 166 0 266 6 0 0 0 0 0 0

Mar-16 TK3 C 52 8 136 20 74 0 50 26 0 44 0 0 14 0

Mar-16 TK3 D 112 20 194 22 118 6 218 4 0 2 0 0 0 0

Mar-16 TK4 A 0 200 0 0 56 0 0 2 16 6 0 0 0 4

Mar-16 TK4 B 0 198 0 0 38 0 0 20 18 30 0 0 0 0

Mar-16 TK4 C 0 196 0 0 18 0 12 2 8 16 0 0 0 0

Mar-16 TK4 D 0 200 0 0 16 0 2 6 10 6 0 0 0 0

Jun-16 TK1 A 246 66 32 2 2 0 0 0 0 0 0 0 0 0

Jun-16 TK1 B 178 54 14 2 0 0 0 0 0 0 0 0 0 0

Jun-16 TK1 C 206 54 24 2 0 0 0 2 0 0 0 0 0 0

Jun-16 TK1 D 252 104 12 2 0 0 0 0 0 0 0 0 0 0

Jun-16 TK2 A 14 100 28 6 56 0 4 2 0 0 0 0 0 0

Jun-16 TK2 B 8 118 20 12 80 0 10 2 0 0 0 0 0 0

Jun-16 TK2 C 22 92 64 16 92 0 2 2 2 0 0 0 0 0

Jun-16 TK2 D 6 196 22 8 118 0 2 0 0 0 0 0 0 0

Jun-16 TK3 A 70 6 232 22 104 2 86 0 0 6 0 0 0 0

Jun-16 TK3 B 26 10 104 14 120 2 70 6 0 6 0 0 0 0

Jun-16 TK3 C 32 20 90 18 84 2 102 4 0 0 0 0 0 0

Jun-16 TK3 D 40 10 190 26 166 0 120 6 0 12 0 0 0 0

Jun-16 TK4 A 0 134 0 0 12 0 4 2 8 10 0 0 0 4

Jun-16 TK4 B 0 148 0 0 4 0 22 4 12 4 0 0 0 0

Jun-16 TK4 C 0 194 2 0 10 0 34 0 18 34 0 0 0 2

Jun-16 TK4 D 0 156 0 0 12 0 18 4 0 12 0 0 0 0

Sep-16 TK1 A 212 52 10 2 0 0 2 0 0 0 0 0 0 0

Sep-16 TK1 B 136 72 12 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 C 134 76 10 2 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 D 302 90 6 4 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 A 6 112 34 6 74 0 10 0 0 0 0 0 0 0

Sep-16 TK2 B 6 446 28 10 14 0 4 0 0 0 0 0 0 0

Sep-16 TK2 C 6 126 84 4 46 0 0 0 0 0 0 0 0 0

Sep-16 TK2 D 10 46 72 6 48 0 4 0 0 0 0 0 0 0

Sep-16 TK3 A 64 4 126 2 98 10 64 8 0 28 0 0 0 0

Sep-16 TK3 B 48 6 258 4 222 2 78 8 4 34 0 0 0 0

Sep-16 TK3 C 58 10 152 4 126 14 96 4 0 14 0 0 0 2

Sep-16 TK3 D 70 2 268 10 170 10 92 12 10 38 0 0 2 0

Sep-16 TK4 A 0 112 0 0 2 0 36 20 10 102 0 0 0 6

Sep-16 TK4 B 2 90 0 0 2 0 44 4 8 60 0 0 0 10

Sep-16 TK4 C 0 130 2 0 0 0 28 6 26 100 0 0 0 10

Sep-16 TK4 D 2 100 0 0 0 0 30 2 10 52 0 0 0 8

Dec-16 TK1 A 156 54 12 4 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 B 90 50 2 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 C 144 36 18 0 0 0 2 0 0 0 0 0 0 0

Dec-16 TK1 D 132 46 6 0 0 0 2 0 0 0 0 0 0 0

Dec-16 TK2 A 74 268 120 18 218 0 0 0 0 0 0 0 0 0

Dec-16 TK2 B 26 336 144 12 168 0 8 0 0 0 0 0 0 0

Dec-16 TK2 C 16 548 124 4 174 0 2 0 2 0 0 0 0 0

Dec-16 TK2 D 24 312 148 16 194 0 4 0 0 0 0 0 0 0

Dec-16 TK3 A 94 4 148 12 72 8 154 2 0 10 0 0 0 0

Dec-16 TK3 B 74 14 282 10 38 2 196 2 0 4 0 0 0 0

Dec-16 TK3 C 96 0 244 10 104 4 176 0 0 2 0 0 0 0

Dec-16 TK3 D 62 2 280 4 74 2 248 2 0 2 0 0 0 0

Dec-16 TK4 A 0 134 0 0 2 0 20 6 6 40 0 0 0 0

Dec-16 TK4 B 0 170 0 0 6 0 28 6 18 78 0 0 0 6

Dec-16 TK4 C 0 108 2 0 0 0 26 4 6 30 0 0 0 0

Dec-16 TK4 D 0 102 4 0 0 0 12 4 16 68 0 0 0 6

Mar-17 TK1 A 262 72 34 2 0 0 0 4 0 0 0 0 0 0

Mar-17 TK1 B 230 166 132 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 C 38 20 10 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 D 108 52 16 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK2 A 6 250 52 2 226 0 2 0 0 0 0 0 0 0

Mar-17 TK2 B 18 260 80 2 180 0 4 0 0 2 0 0 0 0

Mar-17 TK2 C 20 252 44 4 134 0 10 0 0 0 0 0 0 0

Mar-17 TK2 D 16 342 94 2 198 0 2 0 0 0 0 0 0 0

Mar-17 TK3 A 32 4 204 4 84 0 62 16 6 18 0 0 4 2

Mar-17 TK3 B 36 0 90 2 86 2 44 6 4 6 0 0 22 2

Mar-17 TK3 C 116 4 254 14 86 0 152 2 2 4 0 0 0 2

Mar-17 TK3 D 42 2 138 4 86 0 36 10 4 6 0 0 6 0

Mar-17 TK4 A 0 110 0 0 8 0 4 0 12 26 0 0 0 4

Mar-17 TK4 B 0 178 4 0 12 0 8 0 16 6 0 0 0 8

Mar-17 TK4 C 0 198 2 0 12 0 22 10 16 48 0 0 0 10

Mar-17 TK4 D 0 210 0 0 6 0 14 4 2 6 0 0 0 2

Jun-17 TK1 A 132 68 6 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 B 276 58 30 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 C 436 138 40 2 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 D 292 98 18 0 0 0 2 0 0 0 0 0 0 0

Jun-17 TK2 A 14 294 98 10 126 0 8 0 0 0 0 0 0 0

Jun-17 TK2 B 24 354 122 2 268 0 4 4 0 2 0 0 0 0

Jun-17 TK2 C 6 328 118 2 140 0 6 0 0 0 0 0 0 0

Jun-17 TK2 D 12 508 74 0 68 0 0 0 4 0 0 0 0 0

Jun-17 TK3 A 88 8 116 4 62 2 120 2 0 0 0 0 0 2

Jun-17 TK3 B 26 8 132 0 102 2 32 6 10 14 0 0 0 2

Jun-17 TK3 C 242 2 166 4 234 2 156 6 6 0 0 0 0 0

Jun-17 TK3 D 78 14 112 4 156 4 82 8 12 110 0 0 0 2

Jun-17 TK4 A 0 168 0 0 10 0 24 0 14 16 0 0 0 4

Jun-17 TK4 B 0 202 0 0 10 0 18 8 4 36 0 0 0 4

Jun-17 TK4 C 0 290 0 0 8 0 14 6 12 28 0 0 0 10

Jun-17 TK4 D 0 260 2 0 10 0 28 6 12 6 0 0 0 12
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Sampling Date Sample ID T. inflata J. macrescens T. comprimata S. lobata B. pseudomacrescens A. mexicana Haplophragmoides spp M. fusca M. petila A. inepta T. ochracea Textularia spp Ammobaculites spp P. limnetis

Sep-14 TK1 A 152 42 16 2 8 0 0 0 0 0 0 0 0 0

Sep-14 TK1 B 160 104 8 0 4 6 0 0 0 0 0 0 0 0

Sep-14 TK1 C 146 102 4 0 12 6 2 0 0 0 0 0 0 0

Sep-14 TK1 D 178 62 10 10 32 10 2 0 0 0 0 0 0 0

Sep-14 TK2 A 0 384 108 10 56 12 12 0 0 0 0 0 0 0

Sep-14 TK2 B 2 308 114 10 42 0 2 0 0 0 0 0 0 0

Sep-14 TK2 C 0 552 180 46 282 2 10 0 0 0 0 0 0 0

Sep-14 TK2 D 0 656 346 54 70 0 4 0 0 0 0 0 0 0

Sep-14 TK3 A 46 310 262 168 302 10 32 18 4 44 0 0 0 0

Sep-14 TK3 B 10 86 152 140 58 4 56 16 4 32 0 0 0 0

Sep-14 TK3 C 18 38 322 192 162 12 70 14 0 18 0 0 0 0

Sep-14 TK3 D 4 10 152 134 82 4 66 24 6 22 0 0 0 0

Dec-14 TK1 A 72 88 26 8 34 0 0 2 0 0 0 0 0 0

Dec-14 TK1 B 22 16 14 2 4 0 0 0 0 0 0 0 0 0

Dec-14 TK1 C 42 16 10 4 8 0 0 2 0 0 2 0 0 0

Dec-14 TK1 D 104 42 6 2 16 2 0 0 0 0 0 0 0 0

Dec-14 TK2 A 2 284 60 22 90 0 0 0 0 0 0 0 0 0

Dec-14 TK2 B 0 82 56 32 64 0 0 0 0 0 0 0 0 0

Dec-14 TK2 C 0 120 20 20 88 0 2 0 0 0 0 0 0 0

Dec-14 TK2 D 2 188 170 28 234 0 2 2 0 0 0 0 0 0

Dec-14 TK3 A 8 0 76 24 70 6 36 6 4 22 0 0 0 0

Dec-14 TK3 B 10 4 258 96 154 0 122 20 36 44 0 0 0 0

Dec-14 TK3 C 4 2 152 32 110 4 24 12 8 8 0 0 0 0

Dec-14 TK3 D 14 2 142 40 146 6 26 6 10 38 0 0 0 0

Mar-15 TK1 A 98 24 60 4 6 0 0 0 0 0 0 2 0 0

Mar-15 TK1 B 126 28 120 8 6 0 0 0 0 0 2 0 0 0

Mar-15 TK1 C 90 28 16 2 4 2 0 0 0 0 0 0 0 0

Mar-15 TK1 D 126 26 30 6 2 0 0 2 0 0 2 0 0 0

Mar-15 TK2 A 0 202 60 20 364 0 0 0 0 0 0 0 0 0

Mar-15 TK2 B 0 276 194 18 262 0 0 0 0 0 0 0 0 0

Mar-15 TK2 C 0 276 66 48 456 0 0 0 0 0 2 0 0 0

Mar-15 TK2 D 0 410 136 24 214 0 2 0 0 0 0 0 0 0

Mar-15 TK3 A 8 4 150 68 102 8 20 26 12 12 0 0 0 0

Mar-15 TK3 B 36 4 142 34 122 0 62 20 10 22 0 0 2 0

Mar-15 TK3 C 6 4 116 26 72 0 22 18 12 20 0 0 0 0

Mar-15 TK3 D 12 2 146 10 154 0 36 20 14 8 0 0 0 0

Mar-15 TK4 A 0 76 2 0 22 0 2 2 6 36 0 0 0 0

Mar-15 TK4 B 0 174 2 0 4 0 4 6 24 20 0 0 0 0

Mar-15 TK4 C 0 294 0 0 52 0 14 4 14 8 0 0 0 0

Mar-15 TK4 D 0 290 0 0 30 0 0 6 10 2 0 0 0 0

Jun-15 TK1 A 66 6 16 6 8 0 0 0 0 0 0 2 0 0

Jun-15 TK1 B 158 16 26 14 14 0 0 2 0 0 0 0 0 0

Jun-15 TK1 C 72 12 6 2 2 0 0 0 0 0 0 0 0 0

Jun-15 TK1D 68 38 32 0 4 0 0 0 0 0 0 0 0 0

Jun-15 TK2 A 4 252 60 8 152 0 4 0 0 0 0 0 0 0

Jun-15 TK2 B 0 154 130 18 248 0 4 0 0 0 0 0 0 0

Jun-15 TK2 C 0 114 38 2 72 0 0 2 0 0 0 0 0 0

Jun-15 TK2 D 2 138 80 16 250 0 2 0 0 0 0 0 0 0

Jun-15 TK3 A 14 8 180 40 132 10 56 16 6 24 0 0 0 0

Jun-15 TK3 B 8 2 138 28 168 2 54 10 4 24 0 0 0 0

Jun-15 TK3 C 6 6 108 40 160 10 60 16 8 44 0 0 38 0

Jun-15 TK3 D 2 0 60 14 64 6 12 14 6 14 0 0 20 0

Jun-15 TK4 A 0 86 2 0 20 0 10 0 8 10 0 0 2 0

Jun-15 TK4 B 0 230 0 0 32 0 10 12 20 50 0 0 0 34

Jun-15 TK4 C 0 144 0 0 18 0 6 2 8 14 0 0 0 16

Jun-15 TK4 D 0 192 0 0 14 0 8 6 10 26 0 0 0 24

Sep-15 TK1 A 88 76 24 2 8 2 0 0 0 0 2 0 0 0

Sep-15 TK1 B 100 64 4 4 6 0 0 0 0 0 0 0 0 0

Sep-15 TK1 C 98 26 10 0 2 8 0 0 0 0 0 0 0 0

Sep-15 TK1 D 130 52 12 4 0 0 0 0 0 0 0 0 0 0

Sep-15 TK2 A 8 152 30 16 102 0 16 0 0 0 0 0 0 0

Sep-15 TK2 B 4 276 28 10 140 0 6 6 0 0 0 0 0 0

Sep-15 TK2 C 4 252 40 12 100 0 2 0 0 0 0 0 0 0

Sep-15 TK2 D 0 140 12 2 58 0 0 0 0 0 0 0 0 0

Sep-15 TK3 A 20 8 252 108 240 2 96 6 12 2 0 0 0 0

Sep-15 TK3 B 62 6 300 100 296 2 146 2 2 2 0 0 0 6

Sep-15 TK3 C 28 14 380 134 188 4 118 4 0 0 0 0 0 2

Sep-15 TK3 D 6 36 230 72 186 6 100 6 4 0 0 0 0 0

Sep-15 TK4 A 0 76 0 0 18 0 2 2 2 2 0 0 0 14

Sep-15 TK4 B 0 84 0 0 2 0 2 0 0 4 0 0 0 14

Sep-15 TK4 C 0 112 0 0 40 0 6 6 12 4 0 0 0 20

Sep-15 TK4 D 0 58 0 0 10 0 6 4 0 4 0 0 0 6

Dec-15 TK1 A 130 46 34 4 6 2 0 0 0 0 0 0 0 0

Dec-15 TK1 B 140 76 30 4 2 0 0 0 0 0 0 2 0 0

Dec-15 TK1 C 126 28 26 2 0 0 0 0 0 0 0 0 0 0

Dec-15 TK1 D 120 34 16 2 0 0 0 0 0 0 0 0 0 0

Dec-15 TK2 A 10 86 16 14 232 0 6 0 0 0 0 0 0 0

Dec-15 TK2 B 2 118 22 6 198 0 2 2 0 0 0 0 0 0

Dec-15 TK2 C 2 82 8 2 112 0 2 0 0 0 0 0 0 0

Dec-15 TK2 D 2 92 16 22 232 0 2 2 0 0 0 0 0 0

Dec-15 TK3 A 6 16 300 62 126 20 134 2 0 0 0 0 0 6

Dec-15 TK3 B 26 12 278 54 168 42 108 4 0 0 0 0 0 8

Dec-15 TK3 C 22 0 252 40 56 68 60 2 0 2 0 0 0 4

Dec-15 TK3 D 6 4 226 46 72 24 58 6 2 8 0 0 0 4

Dec-15 TK4 A 0 126 0 0 24 0 10 8 16 4 0 0 0 16

Dec-15 TK4 B 0 278 2 0 34 0 14 10 22 28 0 0 0 30

Dec-15 TK4 C 0 226 0 0 28 0 16 10 24 124 0 0 0 28

Dec-15 TK4 D 0 196 0 0 12 0 26 6 30 50 0 0 0 12

Mar-16 TK1 A 46 14 18 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 B 92 12 42 0 0 0 0 0 0 0 2 0 0 0

Mar-16 TK1 C 124 32 40 2 0 0 0 0 0 0 0 2 0 0

Mar-16 TK1 D 92 26 24 0 0 0 0 2 0 0 2 0 0 0

Mar-16 TK2 A 28 136 34 14 192 0 18 0 0 0 0 0 0 0

Mar-16 TK2 B 18 96 20 8 186 0 12 2 0 2 0 0 0 0

Mar-16 TK2 C 20 162 30 6 206 0 18 0 0 0 0 0 0 0

Mar-16 TK2 D 16 192 14 4 192 0 12 4 0 0 0 0 0 0

Mar-16 TK3 A 170 6 198 4 106 0 156 2 0 0 0 0 0 0

Mar-16 TK3 B 186 6 216 12 166 0 266 6 0 0 0 0 0 0

Mar-16 TK3 C 52 8 136 20 74 0 50 26 0 44 0 0 14 0

Mar-16 TK3 D 112 20 194 22 118 6 218 4 0 2 0 0 0 0

Mar-16 TK4 A 0 200 0 0 56 0 0 2 16 6 0 0 0 4

Mar-16 TK4 B 0 198 0 0 38 0 0 20 18 30 0 0 0 0

Mar-16 TK4 C 0 196 0 0 18 0 12 2 8 16 0 0 0 0

Mar-16 TK4 D 0 200 0 0 16 0 2 6 10 6 0 0 0 0

Jun-16 TK1 A 246 66 32 2 2 0 0 0 0 0 0 0 0 0

Jun-16 TK1 B 178 54 14 2 0 0 0 0 0 0 0 0 0 0

Jun-16 TK1 C 206 54 24 2 0 0 0 2 0 0 0 0 0 0

Jun-16 TK1 D 252 104 12 2 0 0 0 0 0 0 0 0 0 0

Jun-16 TK2 A 14 100 28 6 56 0 4 2 0 0 0 0 0 0

Jun-16 TK2 B 8 118 20 12 80 0 10 2 0 0 0 0 0 0

Jun-16 TK2 C 22 92 64 16 92 0 2 2 2 0 0 0 0 0

Jun-16 TK2 D 6 196 22 8 118 0 2 0 0 0 0 0 0 0

Jun-16 TK3 A 70 6 232 22 104 2 86 0 0 6 0 0 0 0

Jun-16 TK3 B 26 10 104 14 120 2 70 6 0 6 0 0 0 0

Jun-16 TK3 C 32 20 90 18 84 2 102 4 0 0 0 0 0 0

Jun-16 TK3 D 40 10 190 26 166 0 120 6 0 12 0 0 0 0

Jun-16 TK4 A 0 134 0 0 12 0 4 2 8 10 0 0 0 4

Jun-16 TK4 B 0 148 0 0 4 0 22 4 12 4 0 0 0 0

Jun-16 TK4 C 0 194 2 0 10 0 34 0 18 34 0 0 0 2

Jun-16 TK4 D 0 156 0 0 12 0 18 4 0 12 0 0 0 0

Sep-16 TK1 A 212 52 10 2 0 0 2 0 0 0 0 0 0 0

Sep-16 TK1 B 136 72 12 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 C 134 76 10 2 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 D 302 90 6 4 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 A 6 112 34 6 74 0 10 0 0 0 0 0 0 0

Sep-16 TK2 B 6 446 28 10 14 0 4 0 0 0 0 0 0 0

Sep-16 TK2 C 6 126 84 4 46 0 0 0 0 0 0 0 0 0

Sep-16 TK2 D 10 46 72 6 48 0 4 0 0 0 0 0 0 0

Sep-16 TK3 A 64 4 126 2 98 10 64 8 0 28 0 0 0 0

Sep-16 TK3 B 48 6 258 4 222 2 78 8 4 34 0 0 0 0

Sep-16 TK3 C 58 10 152 4 126 14 96 4 0 14 0 0 0 2

Sep-16 TK3 D 70 2 268 10 170 10 92 12 10 38 0 0 2 0

Sep-16 TK4 A 0 112 0 0 2 0 36 20 10 102 0 0 0 6

Sep-16 TK4 B 2 90 0 0 2 0 44 4 8 60 0 0 0 10

Sep-16 TK4 C 0 130 2 0 0 0 28 6 26 100 0 0 0 10

Sep-16 TK4 D 2 100 0 0 0 0 30 2 10 52 0 0 0 8

Dec-16 TK1 A 156 54 12 4 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 B 90 50 2 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 C 144 36 18 0 0 0 2 0 0 0 0 0 0 0

Dec-16 TK1 D 132 46 6 0 0 0 2 0 0 0 0 0 0 0

Dec-16 TK2 A 74 268 120 18 218 0 0 0 0 0 0 0 0 0

Dec-16 TK2 B 26 336 144 12 168 0 8 0 0 0 0 0 0 0

Dec-16 TK2 C 16 548 124 4 174 0 2 0 2 0 0 0 0 0

Dec-16 TK2 D 24 312 148 16 194 0 4 0 0 0 0 0 0 0

Dec-16 TK3 A 94 4 148 12 72 8 154 2 0 10 0 0 0 0

Dec-16 TK3 B 74 14 282 10 38 2 196 2 0 4 0 0 0 0

Dec-16 TK3 C 96 0 244 10 104 4 176 0 0 2 0 0 0 0

Dec-16 TK3 D 62 2 280 4 74 2 248 2 0 2 0 0 0 0

Dec-16 TK4 A 0 134 0 0 2 0 20 6 6 40 0 0 0 0

Dec-16 TK4 B 0 170 0 0 6 0 28 6 18 78 0 0 0 6

Dec-16 TK4 C 0 108 2 0 0 0 26 4 6 30 0 0 0 0

Dec-16 TK4 D 0 102 4 0 0 0 12 4 16 68 0 0 0 6

Mar-17 TK1 A 262 72 34 2 0 0 0 4 0 0 0 0 0 0

Mar-17 TK1 B 230 166 132 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 C 38 20 10 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 D 108 52 16 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK2 A 6 250 52 2 226 0 2 0 0 0 0 0 0 0

Mar-17 TK2 B 18 260 80 2 180 0 4 0 0 2 0 0 0 0

Mar-17 TK2 C 20 252 44 4 134 0 10 0 0 0 0 0 0 0

Mar-17 TK2 D 16 342 94 2 198 0 2 0 0 0 0 0 0 0

Mar-17 TK3 A 32 4 204 4 84 0 62 16 6 18 0 0 4 2

Mar-17 TK3 B 36 0 90 2 86 2 44 6 4 6 0 0 22 2

Mar-17 TK3 C 116 4 254 14 86 0 152 2 2 4 0 0 0 2

Mar-17 TK3 D 42 2 138 4 86 0 36 10 4 6 0 0 6 0

Mar-17 TK4 A 0 110 0 0 8 0 4 0 12 26 0 0 0 4

Mar-17 TK4 B 0 178 4 0 12 0 8 0 16 6 0 0 0 8

Mar-17 TK4 C 0 198 2 0 12 0 22 10 16 48 0 0 0 10

Mar-17 TK4 D 0 210 0 0 6 0 14 4 2 6 0 0 0 2

Jun-17 TK1 A 132 68 6 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 B 276 58 30 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 C 436 138 40 2 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 D 292 98 18 0 0 0 2 0 0 0 0 0 0 0

Jun-17 TK2 A 14 294 98 10 126 0 8 0 0 0 0 0 0 0

Jun-17 TK2 B 24 354 122 2 268 0 4 4 0 2 0 0 0 0

Jun-17 TK2 C 6 328 118 2 140 0 6 0 0 0 0 0 0 0

Jun-17 TK2 D 12 508 74 0 68 0 0 0 4 0 0 0 0 0

Jun-17 TK3 A 88 8 116 4 62 2 120 2 0 0 0 0 0 2

Jun-17 TK3 B 26 8 132 0 102 2 32 6 10 14 0 0 0 2

Jun-17 TK3 C 242 2 166 4 234 2 156 6 6 0 0 0 0 0

Jun-17 TK3 D 78 14 112 4 156 4 82 8 12 110 0 0 0 2

Jun-17 TK4 A 0 168 0 0 10 0 24 0 14 16 0 0 0 4

Jun-17 TK4 B 0 202 0 0 10 0 18 8 4 36 0 0 0 4

Jun-17 TK4 C 0 290 0 0 8 0 14 6 12 28 0 0 0 10

Jun-17 TK4 D 0 260 2 0 10 0 28 6 12 6 0 0 0 12
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Appendix B: Live foraminifera counts over the three-year study period for all four 

monitoring stations (continued on next page). 

 

Sampling Date Sample ID T. inflata J. macrescens T. comprimata S. lobata B. pseudomacrescens A. mexicana Haplophragmoides spp M. fusca M. petila A. inepta T. ochracea Textularia spp Ammobaculites spp P. limnetis

Sep-14 TK1 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK1 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK1 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK1 D 8 6 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK2 A 0 70 6 0 0 2 0 0 0 0 0 0 0 0

Sep-14 TK2 B 0 38 0 2 2 0 0 0 0 0 0 0 0 0

Sep-14 TK2 C 0 12 0 0 0 2 0 0 0 0 0 0 0 0

Sep-14 TK2 D 0 24 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK3 A 0 0 0 0 2 0 0 0 0 0 0 0 0 0

Sep-14 TK3 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK3 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-14 TK3 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dec-14 TK1 A 14 24 2 0 18 0 0 0 0 0 0 0 0 0

Dec-14 TK1 B 6 12 2 0 2 0 0 0 0 0 0 0 0 0

Dec-14 TK1 C 16 14 0 0 8 0 0 0 0 0 0 0 0 0

Dec-14 TK1 D 0 2 0 0 0 0 0 0 0 0 0 0 0 0

Dec-14 TK2 A 0 12 0 0 4 0 0 0 0 0 0 0 0 0

Dec-14 TK2 B 0 2 0 2 4 0 0 0 0 0 0 0 0 0

Dec-14 TK2 C 0 4 0 0 4 0 0 0 0 0 0 0 0 0

Dec-14 TK2 D 0 2 0 0 4 0 0 0 0 0 0 0 0 0

Dec-14 TK3 A 0 0 2 2 0 0 0 0 0 0 0 0 0 0

Dec-14 TK3 B 2 0 0 0 2 0 0 0 0 0 0 0 0 0

Dec-14 TK3 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dec-14 TK3 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK1 A 4 0 0 0 2 0 0 0 0 0 0 0 0 0

Mar-15 TK1 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK1 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK1 D 4 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK2 A 0 2 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK2 B 0 2 0 0 2 0 0 0 0 0 0 0 0 0

Mar-15 TK2 C 0 2 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK2 D 0 8 0 0 2 0 0 0 0 0 0 0 0 0

Mar-15 TK3 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK3 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK3 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK3 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK4 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK4 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK4 C 0 2 0 0 0 0 0 0 0 0 0 0 0 0

Mar-15 TK4 D 0 2 0 0 0 0 0 0 0 0 0 0 0 0

Jun-15 TK1 A 4 4 0 0 4 0 0 0 0 0 0 0 0 0

Jun-15 TK1 B 2 2 0 0 2 0 0 0 0 0 0 0 0 0

Jun-15 TK1 C 0 0 0 0 2 0 0 0 0 0 0 0 0 0

Jun-15 TK1D 6 4 0 0 4 0 0 0 0 0 0 0 0 0

Jun-15 TK2 A 0 78 0 0 14 0 0 0 0 0 0 0 0 0

Jun-15 TK2 B 0 16 2 0 8 0 0 0 0 0 0 0 0 0

Jun-15 TK2 C 0 52 0 0 12 0 0 2 0 0 0 0 0 0

Jun-15 TK2 D 0 62 4 0 18 0 0 0 0 0 0 0 0 0

Jun-15 TK3 A 0 4 6 0 0 0 0 0 0 6 0 0 0 0

Jun-15 TK3 B 0 0 2 0 14 0 0 0 0 2 0 0 0 0

Jun-15 TK3 C 0 0 16 2 4 0 0 0 0 2 0 0 0 0

Jun-15 TK3 D 0 2 4 0 4 0 0 0 0 0 0 0 2 0

Jun-15 TK4 A 0 58 0 0 2 0 4 0 0 0 0 0 0 0

Jun-15 TK4 B 0 56 0 0 2 0 0 2 0 4 0 0 0 0

Jun-15 TK4 C 0 58 0 0 2 0 0 0 0 0 0 0 0 0

Jun-15 TK4 D 0 86 0 0 10 0 2 0 0 4 0 0 0 0

Sep-15 TK1 A 4 2 0 0 6 0 0 0 0 0 0 0 0 0

Sep-15 TK1 B 4 4 0 0 2 0 0 0 0 0 0 0 0 0

Sep-15 TK1 C 28 8 6 0 0 0 0 0 0 0 0 0 0 0

Sep-15 TK1 D 16 4 0 2 6 0 0 0 0 0 0 0 0 0

Sep-15 TK2 A 0 112 2 2 28 0 0 0 0 0 0 0 0 0

Sep-15 TK2 B 0 158 6 0 32 0 0 0 0 0 0 0 0 0

Sep-15 TK2 C 0 94 4 0 8 0 0 0 0 0 0 0 0 0

Sep-15 TK2 D 0 98 2 0 8 0 0 0 0 0 0 0 0 0

Sep-15 TK3 A 6 4 4 0 18 4 0 0 0 0 0 0 0 0

Sep-15 TK3 B 8 0 2 0 26 0 4 0 0 0 0 0 0 0

Sep-15 TK3 C 8 0 2 10 12 16 16 0 0 0 0 0 0 0

Sep-15 TK3 D 2 0 6 8 4 4 6 0 0 0 0 0 0 0

Sep-15 TK4 A 0 110 0 0 2 0 4 2 0 2 0 0 0 0

Sep-15 TK4 B 0 90 0 0 2 0 2 0 0 2 0 0 0 0

Sep-15 TK4 C 0 76 0 0 2 0 0 0 0 0 0 0 0 0

Sep-15 TK4 D 0 120 2 0 2 0 4 4 0 8 0 0 0 0

Oct-15 TK1 A 48 6 6 0 6 0 0 0 0 0 0 0 0 0

Dec-15 TK1 A 46 16 2 0 10 0 0 0 0 0 0 0 0 0

Dec-15 TK1 B 8 24 2 0 0 0 0 0 0 0 0 0 0 0

Dec-15 TK1 C 40 24 0 0 0 0 0 0 0 0 0 0 0 0

Dec-15 TK1 D 32 14 2 0 2 0 0 0 0 0 0 0 0 0

Dec-15 TK2 A 0 62 2 2 50 0 0 0 0 0 0 0 0 0

Dec-15 TK2 B 0 46 2 4 40 0 0 0 0 0 0 0 0 0

Dec-15 TK2 C 0 94 0 4 56 0 0 2 0 0 0 0 0 0

Dec-15 TK2 D 0 38 0 0 36 0 0 0 0 0 0 0 0 0

Dec-15 TK3 A 0 4 0 0 10 0 0 0 0 0 0 0 0 0

Dec-15 TK3 B 2 0 2 0 10 0 2 0 0 0 0 0 0 0

Dec-15 TK3 C 0 0 6 0 8 2 2 0 0 0 0 0 0 0

Dec-15 TK3 D 0 0 2 0 6 2 0 0 0 4 0 0 0 0

Dec-15 TK4 A 0 110 0 0 8 0 0 2 0 4 0 0 0 0

Dec-15 TK4 B 0 124 0 0 0 0 0 0 0 8 0 0 0 0

Dec-15 TK4 C 0 74 0 0 0 0 0 0 0 30 0 0 0 0

Dec-15 TK4 D 0 124 0 0 0 0 0 2 0 12 0 0 0 0

Feb-16 TK1 A 30 34 0 0 0 0 0 0 0 0 0 0 0 0

Feb-16 TK2 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Feb-16 TK3 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Feb-16 TK4 A 0 4 0 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 A 2 0 2 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 B 10 2 0 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 C 40 30 0 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK1 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK2 A 2 0 0 2 0 0 0 0 0 0 0 0 0 0

Mar-16 TK2 B 0 0 0 0 2 0 0 0 0 0 0 0 0 0

Mar-16 TK2 C 0 156 0 0 56 0 0 0 0 0 0 0 0 0

Mar-16 TK2 D 0 60 0 0 10 0 2 0 0 0 0 0 0 0

Mar-16 TK3 A 8 0 0 0 2 0 0 0 0 0 0 0 0 0

Mar-16 TK3 B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mar-16 TK3 C 0 0 0 0 6 0 0 0 0 6 0 0 0 0

Mar-16 TK3 D 4 0 0 0 18 0 34 0 0 0 0 0 0 0

Mar-16 TK4 A 2 66 0 0 8 0 2 0 0 6 0 0 0 0

Mar-16 TK4 B 0 128 0 0 4 0 2 0 0 22 0 0 0 0

Mar-16 TK4 C 0 246 0 0 4 0 2 0 0 16 0 0 0 0

Mar-16 TK4 D 0 186 0 0 4 0 0 0 0 42 0 0 0 0
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Jun-16 TK1 A 6 0 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK1 B 12 0 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK1 C 20 2 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK1 D 22 0 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK2 A 0 50 16 0 2 0 0 0 0 0 0 0 0 0

Jun-16 TK2 B 0 4 0 0 4 0 0 0 0 0 0 0 0 0

Jun-16 TK2 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK2 D 8 100 10 0 20 0 0 0 0 0 0 0 0 0

Jun-16 TK3 A 6 0 4 0 4 0 2 0 0 2 0 0 0 0

Jun-16 TK3 B 4 2 24 0 4 0 12 0 0 8 0 0 0 0

Jun-16 TK3 C 4 0 22 0 0 2 16 0 0 0 0 0 0 0

Jun-16 TK3 D 0 0 2 0 0 0 0 0 0 4 0 0 0 0

Jun-16 TK4 A 0 46 0 0 8 0 0 0 0 0 0 0 0 0

Jun-16 TK4 B 0 26 0 0 0 0 0 0 0 0 0 0 0 0

Jun-16 TK4 C 0 12 0 0 8 0 0 0 0 6 0 0 0 0

Jun-16 TK4 D 0 64 0 0 8 0 4 0 0 4 0 0 0 0

Sep-16 TK1 A 42 10 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 B 28 20 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 C 20 6 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK1 D 30 4 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 A 4 4 2 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 B 0 56 2 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 C 10 138 18 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK2 D 4 10 26 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK3 A 6 0 4 0 0 8 4 0 0 30 0 0 0 0

Sep-16 TK3 B 2 2 2 0 0 0 2 0 0 8 0 0 0 0

Sep-16 TK3 C 10 0 8 0 0 8 4 0 0 16 0 0 0 0

Sep-16 TK3 D 0 0 2 0 0 0 0 0 0 0 0 0 0 0

Sep-16 TK4 A 0 6 0 0 0 0 10 0 0 14 0 0 0 0

Sep-16 TK4 B 0 8 0 0 0 0 6 0 0 12 0 0 0 0

Sep-16 TK4 C 0 6 0 0 0 0 6 0 4 10 0 0 0 0

Sep-16 TK4 D 0 10 0 0 0 0 4 0 0 6 0 0 0 0

Dec-16 TK1 A 34 22 0 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 B 76 26 0 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 C 122 2 0 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK1 D 20 10 0 0 0 0 0 0 0 0 0 0 0 0

Dec-16 TK2 A 8 26 24 4 10 0 0 0 0 0 0 0 0 0

Dec-16 TK2 B 10 40 34 0 12 0 0 0 0 0 0 0 0 0

Dec-16 TK2 C 6 68 26 2 6 0 0 0 0 0 0 0 0 0

Dec-16 TK2 D 6 44 26 0 6 0 0 0 0 0 0 0 0 0

Dec-16 TK3 A 6 2 2 0 4 0 2 0 0 0 0 0 0 0

Dec-16 TK3 B 2 0 0 0 0 0 2 0 0 0 0 0 0 0

Dec-16 TK3 C 6 0 0 0 2 0 0 0 0 2 0 0 0 0

Dec-16 TK3 D 6 0 6 0 6 0 0 0 0 0 0 0 0 0

Dec-16 TK4 A 0 58 0 0 2 0 0 0 0 22 0 0 0 0

Dec-16 TK4 B 0 46 0 0 0 0 6 0 0 32 0 0 0 0

Dec-16 TK4 C 0 60 0 0 0 0 0 0 0 8 0 0 0 0

Dec-16 TK4 D 0 24 0 0 0 0 2 0 0 24 0 0 0 0

Mar-17 TK1 A 40 34 0 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 B 52 78 4 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 C 20 14 0 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK1 D 62 42 2 0 0 0 0 0 0 0 0 0 0 0

Mar-17 TK2 A 2 92 2 0 30 0 0 0 0 0 0 0 0 0

Mar-17 TK2 B 4 236 8 0 28 0 2 0 0 4 0 0 0 0

Mar-17 TK2 C 6 184 8 0 10 0 0 0 0 0 0 0 0 0

Mar-17 TK2 D 4 218 12 0 18 0 0 0 0 0 0 0 0 0

Mar-17 TK3 A 0 0 2 0 20 0 6 0 0 4 0 0 0 0

Mar-17 TK3 B 2 0 12 0 8 0 0 0 0 6 0 0 2 0

Mar-17 TK3 C 6 0 4 0 6 2 2 0 0 0 0 0 0 0

Mar-17 TK3 D 8 0 8 0 16 0 4 0 0 6 0 0 4 0

Mar-17 TK4 A 0 54 0 0 0 0 2 0 0 36 0 0 0 0

Mar-17 TK4 B 0 210 0 0 6 0 0 0 2 0 0 0 0 0

Mar-17 TK4 C 0 100 0 0 0 0 4 0 0 26 0 0 0 0

Mar-17 TK4 D 0 190 0 0 2 0 4 0 0 8 0 0 0 0

Jun-17 TK1 A 142 24 6 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 B 18 2 2 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 C 166 46 2 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK1 D 76 28 2 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK2 A 0 4 14 0 2 2 0 0 0 0 0 0 0 0

Jun-17 TK2 B 14 16 6 2 2 0 0 0 0 4 0 0 0 0

Jun-17 TK2 C 10 44 20 2 4 0 0 0 0 0 0 0 0 0

Jun-17 TK2 D 0 16 18 0 0 0 0 0 0 0 0 0 0 0

Jun-17 TK3 A 6 0 8 0 0 2 8 0 0 2 0 0 0 0

Jun-17 TK3 B 2 4 20 0 0 2 2 0 0 2 0 0 0 0

Jun-17 TK3 C 48 0 8 0 6 0 2 0 0 10 0 0 0 0

Jun-17 TK3 D 6 0 16 0 2 2 2 0 0 50 0 0 0 0

Jun-17 TK4 A 0 46 0 0 2 0 2 0 0 10 0 0 0 0

Jun-17 TK4 B 0 104 0 0 14 0 0 0 0 6 0 0 0 0

Jun-17 TK4 C 0 64 0 0 2 0 2 0 0 12 0 0 0 0

Jun-17 TK4 D 2 126 0 0 12 0 10 0 4 14 0 0 0 0
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Appendix C: Stable carbon isotope geochemical data over the three-year study period for 

all four monitoring stations. 

 

 

Sampling Date Sample ID del 13C (per mille VPDB)

Sep-14 TK1A -16.8

Sep-14 TK1B -16.8

Sep-14 TK2 A1 -16.2

Sep-14 TK2 A2 -16.8

Sep-14 TK2B -15.3

Sep-14 TK3A -16.6

Sep-14 TK3B -16.8

Dec-14 TK1A -17.1

Dec-14 TK1B -16.9

Dec-14 TK2A -16.1

Dec-14 TK2B -15.1

Dec-14 TK3B -17.0

Dec-14 TK3 A1 -17.0

Dec-14 TK3 A2 -17.1

Mar-15 TK1A -17.3

Mar-15 TK2A -15.3

Mar-15 TK3A -17.0

Mar-15 TK4A -28.0

Mar-15 TK4B -28.0

Jun-15 TK1A -16.4

Jun-15 TK2A -15.5

Jun-15 TK3A -15.8

Jun-15 TK4A -28.1

Sep-15 TK1A -15.8

Sep-15 TK1A -15.5

Sep-15 TK2A -16.2

Sep-15 TK3A -16.4

Sep-15 TK4A -28.0

Dec-15 TK1A -16.4

Dec-15 TK2A -15.1

Dec-15 TK3A -16.0

Dec-15 TK4A -28.0

Mar-16 TK1A -16.7

Mar-16 TK2A -15.6

Mar-16 TK3A -15.7

Mar-16 TK3A -15.8

Mar-16 TK4A -28.0

Jun-16 TK1A -16.2

Jun-16 TK2A -15.1

Jun-16 TK3A -17.7

Jun-16 TK4A -28.1

Sep-16 TK1A -17.1

Sep-16 TK2A -15.7

Sep-16 TK2B -16.3

Sep-16 TK3A -16.9

Sep-16 TK4A -27.9

Dec-16 TK1A -17.5

Dec-16 TK2A -15.4

Dec-16 TK2B -15.7

Dec-16 TK3A -16.7

Dec-16 TK4A -27.4

Mar-17 TK1A -16.7

Mar-17 TK2A -15.2

Mar-17 TK3A -20.4

Mar-17 TK3B -19.5

Mar-17 TK4A -28.1

Jun-17 TK1A -16.9

Jun-17 TK2A -16.6

Jun-17 TK3A -22.7

Jun-17 TK3B -19.2

Jun-17 TK4A -28.0

Oct-17 TK3A -18.2

Dec-17 TK3A -17.1
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Appendix D: Porewater salinity and loss on ignition data over the three-year study period 

for all four monitoring stations. 

                                                                                                          

 

Sampling Date Sample ID LOI %

Sep-14 TK1 B 17.43024

Sep-14 TK2 B 77.67073

Sep-14 TK3 B 61.68789

Dec-14 TK1 B 19.71515

Dec-14 TK2 B 85.28885

Dec-14 TK3 B 61.31553

Mar-15 TK1 B 21.66722

Mar-15 TK2 B 87.9616

Mar-15 TK3 B 61.68533

Mar-15 TK4 B 55.94823

Jun-15 TK1 B 22.04848

Jun-15 TK2 B 80.72311

Jun-15 TK3 B 67.38191

Jun-15 TK4 B 53.524

Sep-15 TK1 B 24.17137

Sep-15 TK2 B 79.7234

Sep-15 TK3 B 60.42876

Sep-15 TK4 B 52.88651

Dec-15 TK1 B 32.20608

Dec-15 TK2 B 81.41069

Dec-15 TK3 B 70.19671

Dec-15 TK4 B 48.26616

Mar-16 TK1 B 31.545

Mar-16 TK2 B 82.35795

Mar-16 TK3 B 61.21884

Mar-16 TK4 B 70.05177

Jun-16 TK1 B 27.62158

Jun-16 TK2 B 83.10361

Jun-16 TK3 B 62.94113

Jun-16 TK4 B 53.90959

Sep-16 TK1 B 37.08803

Sep-16 TK2 B 79.87401

Sep-16 TK3 B 63.493

Sep-16 TK4 B 47.02623

Dec-16 TK1 B 35.70737

Dec-16 TK2 B 80.4101

Dec-16 TK3 B 72.95487

Dec-16 TK4 B 43.29803

Mar-17 TK1 B 38.22437

Mar-17 TK2 B 80.70383

Mar-17 TK3 B 64.64016

Mar-17 TK4 B 60.36558

Jun-17 TK1 B 40.04798

Jun-17 TK2 B 74.33607

Jun-17 TK3 B 63.14568

Jun-17 TK4 B 49.04802

Sampling Date Station 1 Station 2 Station 3 Station 4

Sep-14 38.73 10.7 11.24

Dec-14 34.88 5.25 8.32

Mar-15 23.47 4.19 3.57 0.58

Jun-15 40.31 10.58 10.96 0.61

Sep-15 56.9 16.86 20.11 5.33

Dec-15 36.37 14.52 14.59 3.14

Mar-16 42.57 17.09 10.09 1.83

Jun-16 36.71 12.13 8.93 0.58

Sep-16 48.78 18.68 18.22 5.23

Dec-16 30.45 18.4 17.18 5.5

Mar-17 41.82 18.45 17.39 3.37

Jun-17 38.7 13.52 11.01 1.22

Salinity (psu)
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Appendix E: Total counts of all live species combined and the three dominant species for 

each Monitoring Station during the three-year sampling timeframe. Distributions in counts 

for each sampling period represent the four replicate samples. Note variable y-axis scales 

for total count sizes. Coefficient of variation (CV) among replicates is displayed for each 

sampling period as a secondary y-axis. Note variable y-axis scales for CV. 
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Appendix F: Bayesian transfer function elevation estimates (in SWLI units) from each 

sampling period for Monitoring Stations 2, 3, and 4. Observed SWLI is shown by gray bar. 

SWLI estimates uses the full foraminifera dataset of dead counts. Distributions in estimated 

SWLI for each sampling period represent the four replicate samples. Replicate-aggregate 

SWLI estimates are shown as red data points on top of the estimated SWLI using the full 

dataset. Seasonal SWLI estimates are shown for each season (Fall, Winter, Spring, 

Summer) using the full dataset, the replicate-aggregate dataset, and a seasonal-aggregate 

dataset. Similarly, seasonal SWLI uncertainties in elevation estimates are shown for each 

season using the three different datasets. 
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Chapter 2: The inception of modern rates of sea-level rise as revealed by 

a global database of sea-level records 

 

Abstract 

Common Era sea-level reconstructions have improved understanding of magnitudes and 

rates of sea-level change at centennial to multi-decadal timescales, providing information 

about sea-level responses to climate change. Although there is agreement that rates of sea-

level rise exceed Common Era background rates by the late 18th to early 20th century, the 

timing of increased modern rates of sea-level rise is uncertain. Here, we produced a new 

high-resolution (decimeter vertical, decadal temporal) Common Era relative sea-level 

(RSL) record in northern New Jersey and integrated it into an updated global database of 

instrumental and proxy sea-level records of the Common Era. We use a spatiotemporal 

empirical hierarchical model to estimate past RSL and rates of RSL change with associated 

uncertainty in the context of broader global and regional changes. Globally, it is very likely 

(probability P ≥ 0.90) that the 60-year average rate of global mean sea level (GMSL) rise 

emerged from pre-Industrial Common Era (0-1700 CE) background variability by ~1870 

CE, which we propose as the global onset of modern rates of sea-level rise.  

 

We examined the timing of modern elevated rates of RSL rise at nineteen sites in the North 

Atlantic, which have the highest resolution of all of the proxy locations in the global RSL 

database. The timing is asynchronous at the North Atlantic sites, but reveals a distinct 

spatial pattern where the onset of modern rates appears muted and later along the European 

coast compared to the North American coast. Elevated 60-year average RSL rates appear 
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earliest in the mid-Atlantic region (e.g. ~1880-1895 CE in New Jersey), followed by the 

northeastern and southeastern U.S. (e.g. ~1895 CE in Connecticut and ~1895-1925 CE in 

Florida), and latest in Canada and Europe (e.g. ~1940-1950 CE in Newfoundland and 

Iceland). The observed spatial pattern in timing appears to follow SST trends from a 

reduction in Atlantic Meridional Overturning Circulation (AMOC) and northward shift of 

the Gulf Stream, where the northeast coast of the U.S. warms, with cooling to the south 

and to the north in the subpolar Atlantic gyre. We suggest that the observed spatial pattern 

in the timing may be due to a combination of steric and ocean dynamic effects from changes 

in Atlantic Meridional Overturning Circulation (AMOC) and the Gulf Stream. 

 

1. Introduction  

Relative sea level (RSL) reconstructions of the Common Era (last 2000 years) have 

extended the instrumental record back beyond the 20th century (e.g. Gehrels, 2000; Kemp 

et al., 2013, 2017). Common Era sea-level reconstructions have improved understanding 

of magnitudes and rates of sea-level change at centennial to multi-decadal timescales, 

providing information about sea-level responses to climate change and paleo constraints 

for model calibration (e.g. Varekamp et al., 1992; Kemp et al., 2011; Horton et al., 2018). 

Although there is agreement that rates of sea-level rise exceed Common Era background 

rates by the late 18th to early 20th century (e.g. Shennan and Horton, 2002; Gehrels et al., 

2005; Engelhart and Horton, 2012), the timing of increased modern rates of sea-level rise 

is uncertain. Identifying the accurate timing and examining spatial variability will help 

decipher underlying mechanisms that have driven the faster rates of modern sea-level rise 
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and attribute natural and human-caused sea-level drivers (e.g. Kopp et al., 2016), as well 

as improve calibration of models of sea-level projections (e.g. Grinsted et al., 2009).  

 

The timing of the inception of modern rates of sea-level rise has been estimated by 

instrumental and/or proxy records (e.g. Church and White 2006, 2011; Jevrejeva et al., 

2008; Woodworth et al., 2009; Gehrels and Woodworth, 2012; Kemp et al., 2015). 

Compilations of global and regional tide gauge data found an acceleration of sea-level rise 

around 1930 CE (Church and White 2006, 2011; Woodworth et al. 2009) but noted that an 

initial acceleration began in the 19th century. A global sea level reconstruction using Monte 

Carlo Singular Spectrum Analysis of tide gauge records suggests an earlier acceleration 

starting at the end of the 18th century (Jevrejeva et al., 2008); however, only a limited 

number of tide gauge records extend back through to the 18th and 19th centuries and these 

records are restricted to north-western Europe (Tamisiea et al., 2014). Common Era sea-

level reconstructions provide the necessary high-resolution chronology to establish a 

quantitative estimate of the beginning of modern rates of rise (e.g. Donnelly et al. 2004, 

Gehrels et al. 2005, Kemp et al. 2011, 2014). Kopp et al. (2016) estimated global sea-level 

change through the Common Era by applying a spatiotemporal hierarchical model to a 

global database of RSL reconstructions. They found that global sea level varied by ~±8 cm 

over the pre-Industrial Common Era, followed by a significant global sea level acceleration 

that began in the 19th century. Kemp et al. (2015) used change point analysis to examine 

timing of increased rates of rise and quantified common timing among western North 

Atlantic proxy records to 1865-1873 CE, while Gehrels and Woodworth (2012) identified 

the increase in the rate of rise at ~1925 CE. The range of suggested timings may reflect the 
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resolution and types of data used or may intriguingly suggest regional variability due to the 

gravitational, rotational, and deformational fingerprints of mass loss from ice sheet and 

glacier melt (e.g. Mitrovica et al., 2009), ocean steric effects (e.g. Cazenave and Llovel, 

2010), and/or ocean dynamics (e.g. Ezer, 2015). Alternatively, the timing of modern rates 

may depend on the proxy evidence and the dating methods used and their associated errors 

(e.g. Gehrels and Woodworth, 2012).  

 

Here, we produced a new high-resolution (decimeter vertical, decadal temporal) Common 

Era RSL record in northern New Jersey and integrated it into an updated global database 

of instrumental and proxy sea-level records of the Common Era (Kopp et al., 2016). 

Following the methods of Kopp et al. (2016), we used a spatiotemporal empirical 

hierarchical model (Ashe et al., 2019) to analyse the new northern New Jersey record in a 

broader regional and global context and examine magnitudes and rates of past RSL and 

global-mean sea level change. Using the reconstructed spatiotemporal sea-level field, we 

examined the timing of modern elevated rates of sea-level rise in the northern New Jersey 

record and in other published records along the Northeastern Atlantic coast (Kemp et al. 

2013; Kemp et al. 2017), as well as regional variability in magnitudes and rates of past 

RSL change. We assessed the global timing of the onset of modern rates of sea-level rise 

and identified spatial variability of elevated rates of sea-level rise among the sites with the 

highest resolution proxy records.  
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2. Study Area 

New Jersey has an extensive history of Holocene RSL studies (e.g. Psuty, 1986; Miller et 

al., 2009, 2013; Horton et al., 2013; Kemp et al., 2013; Johnson et al., 2018). Due to New 

Jersey’s close proximity to the former Laurentide Ice Sheet margin, glacial isostatic 

subsidence has been a significant contributor to RSL rise in the late Holocene (e.g. 

Engelhart et al., 2009; Roy and Peltier, 2015; Love et al., 2016). Psuty (1986) examined 

sea-level trends using radiocarbon dates from sediment cores at Cheesequake State Park 

and elsewhere in northern New Jersey and found rising RSL from at least 7700 years BP 

to present, with a rapid rate of rise beginning before 7000 years BP, followed by a decrease 

in rates 2000-2500 years BP. Horton et al. (2013) used a sea-level database for New Jersey, 

including the data from Psuty (1986); after accounting for compaction and change in tidal 

range, they found that RSL in New Jersey rose at an average rate of 4 mm/yr from 10-6 ka, 

2 mm/yr from 6-2 ka, and 1.3 mm/yr from 2 ka to 1900 CE. Miller et al. (2009) 

reconstructed RSL in New Jersey over the last 5000 years and found a relatively constant 

rise of ~1.8 mm/yr from ~5000 to 500 yr BP, while Miller et al. (2013) found a rise of 1.6 

± 0.1 mm/yr from 2.2 to 1.2 ka (800 CE) and 1.4 ± 0.1 mm/yr from 800 to 1800 CE. Kemp 

et al. (2013) reconstructed RSL over the last 2500 years in southern New Jersey and, after 

correcting for land-level change (1.4 mm/year), found four multi-centennial sea-level 

trends: fall at 0.11 mm/year from 500 BCE to 250 CE, rise at 0.62 mm/year from 250 CE 

to 733 CE, fall at 0.12 mm/year from 733 CE to 1850 CE, and rise at 3.1 mm/year since 

1850 CE. 
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The instrumental RSL record can be examined through tide gauges in the region (Figure 

1). The NOAA-operated tide gauge at Sandy Hook, New Jersey (station number 8531680), 

located ~20 km from Cheesequake State Park, shows a rate of rise of 4.09 mm/yr (95% 

confidence interval of ± 0.2 mm/yr) from 1932 to 2018. To the north of Cheesequake, at 

the tide gauge at The Battery, New York (station number 8518750), RSL has risen at a rate 

of 2.85 mm/yr (95% confidence interval of ± 0.09 mm/yr) from 1856 to 2018. 

Alternatively, to the south of Cheesequake, the tide gauge at Atlantic City, New Jersey 

(station number 8534720) shows a rate of rise 4.09 mm/yr (95% confidence interval of ± 

0.15 mm/yr) from 1911 to 2018. 

 

We produced a new Common Era RSL record from a salt-marsh field study site at Cheesequake 

State Park in northern New Jersey off of Raritan Bay, 30 miles from New York City (Figure 

2). The state park comprises 1610 acres of salt marshes, freshwater wetlands, cedar swamp, 

open fields, and upland forest surrounding Cheesequake Creek (New Jersey Department of 

Environmental Protection, 2015). The estuarine system of Cheesequake State Park drains 

northward into Raritan Bay and accumulates sediment by combination of fluvial transport, 

slope wash, and coastwise transport (e.g. Meade, 1969; Renwick and Ashley, 1984; Psuty, 

1986; Gaswirth et al, 2002). The drainage channel system is eroded into the sedimentary 

rock Magothy Formation of the New Jersey coastal plain (e.g. Meade, 1969; Psuty, 1986; 

Gaswirth et al, 2002). The modern marsh surface intersects steep valley sides of older 

(Pleistocene) drainage channels due to infilling of the estuary (Meade, 1969; Psuty, 1986; 

Gaswirth et al, 2002). The modern low marsh is vegetated by Spartina alterniflora (long 

form) and the high marsh is vegetated by Spartina patens, Distichlis spicata, and Iva 
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fructescens. The border between the salt marsh and freshwater upland is vegetated by 

Phragmites australis. The tidal range is a semidiurnal, micro-tidal (range ~1.6 m) regime.  

 

3. Methods 

We used salt-marsh foraminifera as a proxy to reconstruct Common Era sea level, because 

their modern distributions exhibit vertical zonation (e.g. Scott and Medioli, 1978; Gehrels, 

1994; Horton and Edwards, 2006). Foraminiferal-based transfer functions utilize a modern 

foraminifera training set to quantify species assemblages’ relationship with elevation, 

which is then applied to fossil assemblages to produce continuous records of sea-level at 

decimeter vertical resolution (e.g., Horton et al., 1999; Gehrels, 2000; Horton and Edwards, 

2006). The foraminiferal-based transfer function has been recently enhanced using a 

Bayesian approach that employs foraminifera and a secondary proxy, geochemistry (Cahill 

et al., 2016; Kemp et al., 2017). Stable carbon isotope geochemistry (δ13C) in bulk sediment 

represents the dominant vegetation type and can be used as a proxy for sea level, because 

the transition between C3 and C4 dominated salt-marsh plant communities has been shown 

to act as the boundary for the mean higher high water (MHHW) tidal datum on the U.S. 

mid-Atlantic coast (e.g. Middleburg et al., 1997; Johnson et al., 2007; Kemp et al., 2012).  

 

Here, we collected new modern transects of foraminifera and δ13C, and we used a Bayesian 

transfer function that employs foraminifera and a secondary proxy, δ13C, as an informative 

prior. We informed the foraminifera variability prior in the transfer function to account for 

temporal and spatial variability of modern foraminifera distributions (Walker et al., 

Chapter 1). We reconstructed RSL using the transfer function estimates of paleomarsh 
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elevations (PME) in combination with a sediment core chronology. We used a geotechnical 

model (Brain et al., 2011, 2012, 2015) to correct the RSL record for post-depositional 

lowering through sediment compaction. We used a global Common Era sea-level database 

updated from Kemp et al. (2018) as input to a spatio-temporal empirical hierarchical model 

(Kopp et al., 2016; Ashe et al., 2019). Using the model, we examined northern New Jersey 

RSL and global mean sea level over the Common Era and determined the timing of the 

onset of modern rates of RSL rise, including spatial variability in timing. 

 

3.1. Modern Sampling and Marsh Stratigraphy  

We collected thirty modern samples of two sea-level proxies, foraminifera and δ13C, from 

surface (0-1 cm) sediment at Cheesequake State Park to produce a modern training set. 

Modern samples were collected along three transects from low marsh to forested upland to 

capture changes in elevation and to include a full range of floral environments. Two 

samples were taken from each modern sampling location: one of a standardized volume of 

10 cm3 (10 cm2 by 1 cm thick) for foraminiferal analysis to allow comparison with a 

southern New Jersey modern foraminifera dataset (Kemp et al., 2012); and one of 

approximately 30 cm3 (30 cm2 by 1 cm thick) for δ13C. Foraminifera samples were stored 

in a buffered ethanol solution. Foraminifera and δ13C samples were refrigerated until 

analysis (Scott et al., 2001).  

 

We completed multiple transects of hand cores to describe the underlying stratigraphy of 

the marsh of Cheesequake State Park. The cores were described in the field using the 

Troels-Smith (1955) method for organic-rich sediments to record the proportions of 
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organic matter, silt, clay, and sand, and the presence of wood or shell fragments. A core 

was chosen with a thick sequence of high marsh peat and collected using a hand-driven 

Russian-type core to prevent compaction or contamination during sampling. The recovered 

core was sealed in a pipe section with plastic wrap and refrigerated until analysis to 

minimize drying and oxidation. We analyzed the collected sediment core for foraminifera 

and δ13C in 1-cm slices at 5-cm spaced intervals down core. 

 

We obtained elevations for each modern sample and cores using real time kinematic (RTK) 

satellite navigation and a total station where elevations were referenced to the North 

American Vertical Datum (NAVD88). To convert elevations to tidal datums, we deployed 

three automatic water-level loggers (Solinst Levelogger Edge) in tidal channels adjacent to 

the core and modern samples. We correlated the water-level logger data with those 

recorded by the NOAA-operated tide gauge at Sandy Hook, New Jersey (station number 

8531680) located ~20 km from the study site.  

 

3.2. Foraminiferal Analysis 

We stained the modern foraminifera samples with rose Bengal immediately after collection 

in order to differentiate live versus dead foraminifera tests (Walton, 1952). Although in 

some cases rose Bengal may stain dead tests (e.g. Walker et al., 1974; Bernhard, 1988), it 

remains a reliable method and is unlikely to affect the interpretation of dead assemblages 

(Murray and Bowser, 2000). Although live specimens were counted, only the dead 

assemblages are presented here because the dead assemblages most resemble subsurface 

assemblages and they are thought to minimize temporal variability in modern distributions 
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(e.g. Horton, 1999; Horton and Edwards, 2003; Morvan et al., 2006). Modern and core 

foraminifera samples were wet sieved to isolate the 63-500 µm foraminifera-bearing 

fraction of the sediment and were split into eight equal aliquots using a wet splitter (Scott 

and Hermelin, 1993). Samples were counted under a binocular microscope while immersed 

in distilled water (Scott et al., 2001). A minimum of 100 tests were counted, or the entire 

sample was counted if <100 tests were present to ensure a statistically-sound representation 

of low-diversity salt-marsh foraminifera assemblages (e.g. Fatela and Taborda, 2002). 

Identifications of foraminifera were confirmed with type specimens at the National 

Museum of Natural History, Smithsonian Institute, Washington, D.C. We grouped 

specimens of the genera Haplophragmoides into a single group due to difficulties in 

identifying them to the species level (Kemp et al., 2009) and in order to combine them with 

the modern dataset of Kemp et al. (2013) from southern New Jersey. 

 

We combined the modern foraminifera dataset from Cheesequake State Park with the 

modern dataset of Kemp et al. (2013) from southern New Jersey. We used Principal 

Component Analysis (PCA) with the program CANOCO 5 (ter Braak and Smilauer, 2012) 

to compare the modern foraminifera assemblages from Cheesequake State Park with those 

of Kemp et al. (2013) to ensure that the assemblages were compatible and could be 

combined into one modern foraminifera training set (New Jersey modern training set). PCA 

is an ordination technique which projects samples into a multi-dimensional space where 

similar samples are close together and dissimilar samples are further apart. All modern 

dead foraminifera data from Cheesequake State Park are presented in Appendix A and all 

fossil foraminifera data from Cheesequake State Park are presented in Appendix B. 



108 

 

 

3.3. Stable Carbon Isotope Geochemical Analysis 

We analyzed δ13C in modern and core samples to include δ13C as a secondary proxy in the 

BTF as an informative prior used to inform elevation estimates. Modern and core δ13C 

values were measured in bulk sediment, since the dominant input to salt-marsh sediment 

is in situ vegetation. δ13C was measured at the Departments of Geology and Environmental 

Studies at Bryn Mawr College using a cavity ring-down laser spectroscopy (CRDS) 

following the flash combustion technique described by Balslev-Clausen et al (2013). Prior 

to isotopic analysis, bulk peat samples were freeze-dried in a Virtis™ benchtop freeze dryer 

to remove moisture and then ground in a Retsch™ ball mill until finely powdered. 

Approximately two mg (±0.5 mg) of the dried, powdered sample was weighed on a Mettler 

Toledo™ XP56 microbalance with 4 µg precision. Weighed samples were sealed in 

pressed-wall tin capsules and flash combusted at 980°C in a Costech™ ECS 4010 element 

analyzer using N2 as a carrier gas. The isotopic composition of the CO2 produced by 

combustion was analyzed in a Picarro™ G2201-i CRDS instrument. Carbon abundance in 

each sample was calculated from the peak 12CO2 concentration measured by the CRDS 

system, calibrated by analysis of standard reference material (NIST 1547 Peach leaf). 

Reproducibility of carbon mass concentration is ±0.8% (1 s.d., n=96). Carbon isotopic 

composition, reported as δ13C, is standardized to Vienna Pee Dee Belemnite (VPDB) by 

analysis of standard reference material USGS40 (glutamic acid). The reproducibility of 

δ13C values is <0.2‰ based on repeat analyses of NIST 1547 (0.15‰, 1 s.d., n=96) and 

USGS40 (0.18‰, 1 s.d., n=27). All δ13C data are presented in Appendix C. 
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3.4. Bayesian Transfer Function 

We used a foraminiferal-based transfer function using a Bayesian approach that employs 

foraminifera and a secondary proxy, δ13C, as an informative prior to reduce vertical 

uncertainty (Cahill et al., 2016; Kemp et al., 2017). The Bayesian transfer function (BTF) 

was developed using a New Jersey modern training set of salt-marsh foraminifera and δ13C 

from Kemp et al. (2013) consisting of 163 samples from 13 sites in southern New Jersey, 

in addition to the 32 modern samples collected at Cheesequake State Park. Due to 

differences in tidal range among sampling locations, we converted the tidal elevations of 

the modern samples into a standardized water level index (SWLI), following the approach 

of Horton et al. (1999), where a value of 100 corresponds to local mean tide level (MTL) 

and a value of 200 corresponds to local mean higher high water (MHHW).  

 

The BTF utilizes the modern foraminifera training set to quantify species assemblages’ 

relationship with tidal elevation, which is then applied to fossil assemblages, to estimate a 

paleomarsh elevation (PME) for each sample with a 1σ sample-specific uncertainty. We 

formally accounted for temporal and spatial variability of modern foraminifera 

distributions in the BTF by informing the variability prior for individual foraminifera 

species using data from a monitoring study of modern foraminifera in southern New Jersey 

(Walker et al., Chapter 1). The performance of the BTF was evaluated using 10-fold cross 

validation on the modern training set, where the data is divided into 10 randomly drawn 

groups of equal size (known as folds). Each fold is removed from the modern dataset in 

turn and the remaining data is used to create predictions for the removed samples, which 

is repeated until every sample has an out-of-sample prediction value (Cahill et al., 2016). 
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We converted the PME estimates from the BTF from SWLI units back into meters relative 

to MTL specific to Cheesequake State Park. To reconstruct RSL, we used the equation: 

RSLi = Ai - PMEi                                                     [1] 

where Ai and PMEi are the altitude and PME of sample i, respectively, and both values are 

expressed relative to MTL. Ai is established by subtracting the depth of each sample in the 

core from the measured core-top altitude. PMEi was estimated by the BTF with an 

associated 1σ uncertainty. RSL is reconstructed under the assumption that the paleotidal 

range on the coast of New Jersey was relatively constant during the Common Era (Horton 

et al., 2013). For example, tidal range was estimated to have changed by <5 cm in the last 

1000 years in southern New Jersey using a paleotidal model (Walker et al., Chapter 3). 

 

3.5. Compaction 

Salt-marsh sediments are prone to sediment compaction, a process that occurs as sediment 

accumulates, reducing sediment volume and altering the stratigraphic column (Allen, 2000; 

Horton and Shennan, 2009). We used a geotechnical model (Brain et al., 2011, 2012, 2015) 

to correct the RSL record for post-depositional lowering through sediment compaction 

which has been used previously to correct salt-marsh RSL reconstructions for compaction 

(e.g. Kemp et al., 2017; Kemp et al., 2018).  

 

Modern marsh surface sediments from Cape May Courthouse and Leeds Point in southern 

New Jersey analogous to those found in the sediment core were used for laboratory 

geotechnical testing to calibrate the model (Brain et al., 2015). Core samples were tested 
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under one-dimensional, zero-lateral strain compression using fixed ring, front-loading 

oedometers (Head, 1988) and the results were used to estimate parameter values of the 

Brain et al. (2011, 2012) framework to describe changes in volume in response to changes 

in vertical effective stress. We measured organic content by loss-on-ignition (LOI) and 

bulk density at 2-cm intervals down core for the entire ~4 meter collected core at 

Cheesequake State Park. For LOI analysis, we dried the samples in an oven and ignited the 

samples in a muffle furnace following the methods of Plater et al. (2015). Using 

relationships between compression properties and measured LOI, we calibrated the 

decompaction model to predict how the sediment in the core compacted. We compared 

measured and model-derived estimates of down core dry bulk density to assess the 

predictive capacity of the model. The model provided depth-specific estimates of post-

depositional lowering (PDL) (±1 standard deviation) at 2 cm intervals. Core samples were 

corrected for compaction using the equation: 

Adep = PDL + Ameas                                                                                                                   [2] 

where Ameas is the measured sample altitude relative to mean tide level (MTL), established 

by subtracting the depth of each sample in the core from the measured core-top altitude. 

Adep is the depositional sample altitude after addition of PDL. 

 

3.6. Chronology 

A core chronology between ~0-1700 CE was constructed using Accelerator Mass 

Spectrometry (AMS) radiocarbon (14C) dating. A plateau in the radiocarbon calibration 

curve often results in radiocarbon dated material from the past ~300 years to have multiple 

ages and large uncertainties (Stuiver and Pearson, 1993). Therefore, we developed a 
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chronology for the more recent top of the sampled core by identifying down-core changes 

in 137Cs activity, pollen, and pollution concentrations. 

 

Radiocarbon dating was performed on identifiable plant macrofossils (stems and rhizomes) 

in the sediment core. Plant macrofossils of Spartina patens found in growth position were 

selected from the core, cleaned under a binocular microscope to remove contaminant 

sediment particles, oven dried, and submitted to the National Ocean Science Accelerator 

Mass Spectrometry (NOSAMS) facility for radiocarbon dating. Each sample underwent 

standard acid-base-acid pretreatment at NOSAMS. Reported radiocarbon ages and 

uncertainties (Table 1) were calibrated using the IntCal13 dataset (Reimer et al., 2013). 

 

The sediment core was analyzed for 137Cs activity at East Carolina University by gamma 

spectroscopy. The peak in 137Cs in the core is identified as having been deposited around 

1963 CE when above-ground nuclear weapons testing was at its maximum (Warneke et al., 

2002). Pollen was analyzed from 1 cm3 samples at 4 cm intervals between 20 and 80 cm 

from the sediment core following standard procedures after Bernhardt and Willard (2015). 

A minimum of 500 terrestrial pollen grains were counted per sample to determine pollen 

percentage abundance to detect the increase in Ambrosia associated with land clearance. 

To examine down-core changes in pollution histories, samples for analysis of 52 elements 

and isotopes were subsampled from 2 cm intervals in the upper 90 cm of the core, ground 

to a fine homogenized powder, and sent to SGS Mineral Services Canada laboratory for 

analysis. At the SGS laboratory, samples were digested using HNO3 and HCl and were 

analysed by inductively coupled Mass Spectrometer (ICP-MS) and inductively coupled 
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plasma Optical Emission Spectrometer (ICP-OES) against known calibration materials to 

provide quantitative analysis. Instrument calibration and certified reference materials, 

replicates, duplicates, and blanks were used for method validation and quality control.  

 

Down-core trends in element and isotope concentrations were matched to historic pollution 

production and consumption, assuming timing and magnitude of atmospheric emissions 

and deposition approximately coincided (e.g. Gobeil et al., 2013; Kemp et al., 2012; Lima 

et al., 2005). Here, we use the following pollution markers. A peak in Pb isotopes is 

associated with early industrial activity and lead pollution from the Upper Mississippi 

Valley, which was carried to the Northeastern Atlantic Coast by prevailing winds (e.g. 

Graney et al., 1995; Lima et al., 2005; Gobeil et al., 2013), and was assigned an age of 

~1858 CE. The subsequent decline of Upper Mississippi Valley lead pollution output is 

associated with a decline in Pb isotopes at an age of ~1880 CE (e.g. Graney et al., 1995; 

Lima et al., 2005; Gobeil et al., 2013). A rise in Cu is associated with the onset of national 

production of copper in ~1900 CE (USGS Minerals Yearbook). The onset of Pb pollution 

was assigned an age of ~1875 CE (e.g. Kemp et al., 2012), while a peak in Pb pollution is 

associated with the introduction of the Clean Air Act and was assigned an age of ~1974 

CE (e.g. Kemp et al., 2012). Pb isotope decline was assigned an age of ~1980 CE (e.g. 

Kemp et al., 2012). A decline in Cd occurred in ~1975 CE and a decline in Ni occurred in 

~1997 CE (USGS Minerals Yearbook). The onset of 137Cs activity was assigned an age of 

1954 CE before reaching a peak in 1963 CE when above ground nuclear weapons testing 

was at its maximum (Warneke et al., 2002). The peak abundance of Ambrosia pollen was 

assigned an age of 1850 CE when there were changes in vegetation associated with land 
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clearance, which occurred when the Europeans settled in New Jersey (e.g. Brugam, 1978; 

McAndrews, 1988). 

 

Radiocarbon dates, 137Cs activity, pollen, and pollution concentrations were compiled 

using the Bchron package in R (Haslett and Parnell, 2008; Parnell et al., 2008), which uses 

a Bayesian framework to produce an age-depth model and estimates ages with associated 

uncertainties for every 1 cm thick interval in the core. Age estimates in Bchron incorporate 

the non-parametric likelihood distributions from calibrated radiocarbon ages, while 

chronohorizons from 137Cs activity, pollen, and pollution concentrations are treated as 

having normal likelihood distributions. The age estimates and uncertainties from Bchron 

were applied to all core samples with a reconstructed PME. 

 

3.7. Spatiotemporal Model  

We applied a spatiotemporal empirical hierarchical model (Kopp et al., 2016; Ashe et al., 

2019) with an expanded global sea-level database to our northern New Jersey RSL record 

to estimate past RSL and rates of RSL change with associated uncertainty in the context of 

broader global and regional changes. The expanded sea-level database includes proxy sea-

level records with high-resolution chronologies from 35 regions around the world. The 

2593 sea-level data points use proxies such as foraminifera, diatoms, testate amoebae, coral 

microatolls, archaeological evidence, and sediment geochemistry. The database has been 

updated here from Kemp et al. (2018) to include 709 new RSL data points from 6 new sites 

in northern New Jersey, USA (this study); Israel (Dean et al., 2019); Croatia (Shaw et al., 

2018); Chesapeake Bay, USA (Shaw et al., in prep); and Florida, USA (Khan et al., in 
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prep). In addition, decadal-average values from instrumental tide gauge records in the 

Permanent Service for Mean Sea Level (PSMSL; Holgate et al., 2013) were included, 

provided they were either (1) longer than 150 years, (2) within 5 degrees distance of a 

proxy site and longer than 70 years, or (3) the nearest tide gauge to a proxy site that is 

longer than 20 years (Kopp et al., 2016). We also include multicentury records from 

Amsterdam (1700-1925 CE) (van Veen, 1945), Kronstadt (1773-1993 CE) (Bogdanov and 

Laitos, 2000), and Stockholm (1774-2000 CE) (Ekman, 1988), as compiled by PSMSL. As 

in Kopp et al. (2016) and Kemp et al. (2018), the input data also include the global mean 

sea-level reconstruction of Hay et al. (2015) from tide-gauge records.  

 

The model has (1) a process level that characterizes RSL over space and time; (2) a data 

level that links RSL observations (reconstructions) to the RSL process; and (3) a 

hyperparameter level that characterizes prior expectations regarding dominant spatial and 

temporal scales of RSL variability, set through a maximum-likelihood optimization. The 

non-linear terms were characterized by three spatial scales (global, regional, and local) and 

two temporal scales (fast and slow). These different spatial and temporal scales enable RSL 

to be decomposed into global, regional linear, regional non-linear, and local components. 

 

Here, we used the reconstructed spatiotemporal field to determine the timing at which the 

rates in the last three centuries of the records emerge above the spread of previous 

variability over the Common Era in northern New Jersey and globally. To minimize the 

effects of interdecadal fluctuations (Douglas, 1991; Jevrejeva et al., 2008) and limited 

reconstruction resolutions, we focused on 60-year average rates. Background variability is 
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defined by the distribution of 60-year average rates during the pre-Industrial Common Era 

from 0 to 1700 CE at 20-year increments (e.g. 0-60, 20-80, CE, etc.). Rates over 60-year 

intervals beginning in 1700 CE were compared to this background distribution. For each 

60-year interval from 1700-1760 CE to 1940-2000 CE, we estimated the probability using 

a Monte Carlo approach that the rates during that 60-year interval and all subsequent 

intervals are greater than a random 60-year interval during the pre-Industrial Common Era 

(0-1700 CE). We defined the inception of modern rates of RSL rise when it is very likely 

(probability P ≥ 0.90) that the average rate of RSL rise from a 60-year interval and from 

all subsequent 60-year time periods were greater than a random 60-year interval in the past 

(0-1700 CE). In addition, representing each 60-year interval by its central year, we 

interpolated the probability curve to identify the year in which the probability reaches 0.90. 

 

We also used the global RSL database with the spatiotemporal hierarchical model to 

examine the inception of modern elevated rates of RSL at other individual sites using the 

same methodology described above. However, the proxy records utilize different types of 

environmental evidence and dating methods and cover a range of time periods, so there is 

variability in the resolution of the available proxy data (Gehrels and Woodworth, 2012). 

To increase the likelihood that any variability in the timing of modern rates we observed is 

due to process and not the proxy data resolution, we examined all of the proxy data in the 

RSL database to only include records that fit the following criteria: 1) the proxy record is 

at least ~1000 years in length to provide sufficient background information; 2) the proxy 

record has data from 1700-2000 CE; 3) the 2σ errors of the model-predicted rates from 

1700-1800 CE, 1800-1900 CE, and 1900-2000 CE are less than 0.70 (2σ values for all sites 
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ranged from 0.4-0.9). In addition, we established a null hypothesis by predicting RSL at a 

site (indicatively taken as Seoul, South Korea) far from proxy data; thus, the prediction 

constitutes estimated global sea level plus additional uncertainty. We compared the RSL 

rate predictions and probabilities with global mean sea level and individual records, where 

probabilities that differ from Seoul reflect the influence of meaningful local information at 

individual sites. 

 

4. Results 

4.1. Modern Foraminifera and δ13C Training Set 

We identified 14 species of dead foraminifera in the 32 modern surface samples across 

three transects at Cheesequake State Park. Sample count sizes ranged from 78 to 420 

tests/10 cm3 with an average of 207 tests/10 cm3. The assemblages across the three 

transects were dominated by Tiphotrocha comprimata and Trochammina inflata, 

representing ~20-80% of each sample (Figure 3). The assemblages display a vertical 

zonation. Along Transect A, the lowest elevations (<210 SWLI) where Spartina 

alterniflora was the dominant vegetation, had greater abundances of Miliammina fusca and 

Arenoparella mexicana (up to 65% of sample assemblages). The middle of the transect, 

where Spartina patens and Distichlis spicata were the dominant vegetation, there was a 

more mixed foraminifera assemblage dominated by Tiphotrocha comprimata and 

Trochammina inflata. The highest elevations of Transect A (>220 SWLI), where 

Phragmites australis was the dominant vegetation, had greater abundances of Jadammina 

macrescens, Miliammina petila, and Haplophragmoides spp. (up to 55% of samples 

assemblages). Transect B was similar to Transect A, where the lowest elevations (<210 
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SWLI) had greater abundances of M. fusca and A. mexicana (up to 25% of sample 

assemblages), the middle of the transect had a more mixed assemblage dominated by T. 

comprimata and T. inflata, and the highest elevations (>225 SWLI) had greater abundances 

of M. petila and Haplophragmoides spp. (up to 19% of samples assemblages). Transect C 

had a greater abundance of Balticammina pseudomacrescens across the entire transect, up 

to 26% of sample assemblages. Similar to Transects A and B, the lowest elevations of 

Transect C (<230 SWLI) had greater abundances of M. fusca and A. mexicana (up to 36% 

of sample assemblages), while the remainder of the transect had a more uniform elevation 

with a mixed assemblage dominated by T. comprimata and T. inflata. Foraminifera were 

absent above elevations > ~250 SWLI units along all three transects in the uppermost zones 

of Phragmites australis and into the freshwater upland environment. 

 

PCA illustrates that the modern foraminifera assemblages from Cheesequake State Park 

are comparable with those of Kemp et al. (2013) from southern New Jersey because the 

samples fall close to one another along both first and second principal component axes 

(Figure 4). For example, Kemp et al. (2013) also found greater abundances of M. fusca and 

A. mexicana at lower elevations and greater abundances of Jadammina macrescens, 

Miliammina petila, and Haplophragmoides spp. at higher elevations at several sampling 

locations. 

 

We calibrated the BTF using the combined New Jersey modern training set and evaluated 

its performance using cross validation. The measured elevation falls within the 95% 

uncertainty intervals for 96% of the modern samples, indicating that the BTF has good 
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predictive power (Figure 5). Trends between residual values and measured elevations of 

modern samples revealed no visible structure; therefore, the BTF did not systematically 

overestimate or underestimate PME across tidal elevations (Figure 5). 

 

All three modern transects at Cheesequake State Park had similar trends in δ13C values by 

elevation, with less depleted values at lower elevations with a shift towards more depleted 

values at higher elevations (Figure 3). Samples taken from environments dominated by C3 

vegetation (Spartina alterniflora, Spartina patens, Distichlis spicata) found at lower 

elevations all had δ13C values less depleted than -22‰, while samples from environments 

dominated by C4 vegetation (Phragmites australis, and freshwater upland trees) found at 

higher elevations all had δ13C values more depleted than -22‰. In addition, a sample from 

the middle of one of the modern transects from an area including C4 vegetation, Iva 

fructescens, had δ13C values more depleted than -22‰. The modern transects of δ13C at 

Cheesequake State Park differed slightly from Kemp et al. (2012) in relation to tidal 

elevation boundaries. Samples with δ13C values more depleted than -19.2‰ were 

consistently found above MHHW (SWLI > 200), while values less depleted than -19.2‰ 

were found from MTL to above MHHW (SWLI 100-280). Additionally, samples with δ13C 

values less depleted than -16.9‰ were consistently found below a SWLI of 250. In 

contrast, in southern New Jersey, Kemp et al. (2012) found that δ13C values of salt-marsh 

bulk sediment more depleted than -22.0‰ were found above MHHW (SWLI > 200), while 

values less depleted than -18.9‰ were found between mean tide level (MTL) and MHHW 

(SWLI 100-200). Therefore, to use the δ13C data as a prior, the PME was reconstructed in 
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one of three ways to incorporate the δ13C findings from Kemp et al. (2012) in addition to 

the new modern δ13C data from this study: 

(1) For samples with a δ13C value more depleted than -22.0‰, the transfer function 

estimate was given a lower limit for a reconstructed PME of a SWLI > 200 

(above MHHW); 

(2) For samples with a δ13C value less depleted than -16.9‰, the transfer function 

estimate was given an upper limit for a reconstructed PME of a SWLI < 250; 

(3) For samples with intermediate δ13C values (-22.0‰ to -16.9‰), the transfer 

function estimate was not given an upper or lower limit for a reconstructed 

PME. 

 

4.2. Estimating Paleomarsh Elevation 

We described the stratigraphy at Cheesequake State Park through 17 cores, 3.5 to 11 meters 

deep, through three transects (A-A’; B-B’; and C-C’; Figure 2). The stratigraphy among 

the three transects had basal units varying from a ~0.5 to 1 m amorphous peat layer with 

charcoal and woody fragments to a shelly or sandy clay unit. Overlying the basal unit was 

~0.5 to 4 m of shelly clay or clay with organics, above which was up to several meters of 

high marsh peat to the surface, some with interspersed clay layers. Psuty (1986) also noted 

a highly variable sequence of stratigraphic units at Cheesequake State Park due to the 

presence of small drainage channel basins that could have undergone variable infilling 

rates. We selected transect A-A’ for more detailed analyses (Figure 2c). Across transect A-

A’ was a basal unit of gray incompressible sandy clay which was reached at depths varying 

from 3.4 m in the highest marsh to 10.3 m in the lowest marsh close to a tidal creek. Cores 
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located closest to the creek were overlain by a ~3 to 5 m layer of gray shelly clay. Above 

was a ~0.3 to 4 m layer of brown minerogenic salt marsh sediment that was thickest closest 

to the creek. The upper ~2 to 3 m of the transect was a dark brown organic high marsh peat 

that was thickest in the highest areas of the marsh. 

 

The core sampled for analysis (CQ/15/C1) from transect A-A’ had a gray incompressible 

basal sandy clay unit from 4.1 to 3.4 m that became increasingly sandy with depth. From 

3.4 to 3.1 m was a brown minerogenic salt marsh sediment of peaty mud. The upper 3.1 m 

of the core was a dark brown organic high marsh peat (Figure 2c). The core was analyzed 

for foraminifera and δ13C in the upper 1.2 m (Figure 6). From 1.2 to 0.65 m, the core was 

dominated by J. macrescens and M. petila, comprising 70-98% of each sample. There was 

a decrease in total foraminiferal counts with depth below 0.9 m (<100 tests/sample). In 

contrast, between 0.9 and 0.65 m, count sizes ranged from ~100 to 1400 tests/sample. From 

0.65 to 0.35 m, the foraminiferal assemblages were dominated by J. macrescens, M. petila, 

and T. comprimata with count sizes ranging from ~100-300 tests/sample. The upper 0.35 

m of the core had a more diverse foraminifera assemblage including up to 9 species, but 

dominated by T. comprimata and T. inflata with count sizes ranging from ~70-350 

tests/sample. 

 

From 1.2 to 0.85 m, δ13C values were all more depleted than -22‰, ranging from -22.8‰ 

to -26.6‰, which is associated with C3 vegetation and elevations consistently above 

MHHW. All but two samples (-23.0‰ and -23.3‰) in the upper 0.85 m had δ13C values 
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less depleted than -22‰, ranging from -16.9‰ to -20.9‰, which is associated with C4 

vegetation or intermediate values between C3 and C4 vegetation.  

 

The BTF was applied to the core foraminifera and δ13C data to provide PME estimates for 

each core sample. PME estimates ranged from 0.89 to 1.26 m MTL with sample-specific 

uncertainties (1σ) ranging from 0.16 to 0.33 m (Figure 6). From a depth of 1.2 to 0.65 m, 

PME estimates were the highest, ranging from 1.17 m MTL to 1.26 m MTL, which 

corresponds to a portion of the core with δ13C values mostly more depleted than -22‰ 

which is associated with C3 vegetation and foraminifera assemblages dominated by J. 

macrescens and M. petila, which are associated with high marsh elevations. From 0.65 to 

0.35 m, PME estimates were slightly lower than the bottom portion of the core, ranging 

from to 1.08 to 1.20 m, corresponding to a portion of the core with foraminiferal 

assemblages dominated by J. macrescens, M. petila, and T. comprimata and intermediate 

δ13C values associated with C3 or C4 vegetation. The upper 0.35 m of the core had the 

lowest PME estimates compared to the rest of the core, ranging from 0.89 m MTL to 1.04 

m MTL, which correlates with the more diverse foraminifera assemblages associated with 

middle to high marsh environments and greater range in δ13C values observed in this 

portion of the core.  

 

4.3. Compaction 

Measured LOI for the ~4 m collected core varied from 75% to 4% at the base of the core 

in the basal sandy clay unit. The average LOI in the lower 0.5 m of the core was 9%, and 

then increased to an average of 56% in the upper 3.5 m. For the analyzed part of the core 
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(surface to 1.2 m), LOI ranged from 23-76% with an average of 56%. Measured dry bulk 

density varied from 0.11 g/cm3 to 1.32 g/cm3 at the base of the core. Similar to LOI, the 

average dry bulk density in the lower 0.5 m of the core was 0.82 g/cm3, and then markedly 

decreased to an average 0.17 g/cm3 in the upper 3.5 m of the core. For the analyzed part of 

the core, bulk density varied from 0.12-0.31 g/cm3 with an average of 0.17 g/cm3. 

 

Maximum post-depositional lowering (PDL) predicted by the geotechnical model was 

~0.02 m in the middle of the core around 2 m depth. For the analyzed part of the core 

(surface to 1.2 m), PDL ranged from 0 to 0.017 m at 1.2 m depth (Figure 7), which is 

accounted for by adjusting the PME estimates to include the effects of sediment 

compaction.  

 

4.4. Chronology 

Radiocarbon dating was performed on the upper 120 cm of the collected core to capture 

the last ~1000 years in order to examine background rates of RSL and the subsequent 

modern elevated rates of RSL rise in the latter half of the millennium. Eight radiocarbon 

dates (Table 1) reveal a core chronology extending back to ~1000 CE with an average 

radiocarbon error (14C years) of ~18 years.  

 

Changes in Ambrosia pollen abundances, regional-scale pollution markers (recognized in 

changes in down-core concentrations of lead, copper, cadmium, and nickel), the ratio of 

lead isotopes (206Pb:207Pb), and 137Cs activity were used to provide a chronology for the 

upper 50 cm of the core representing the last several hundred years based on trends in 
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national and regional industrial production (Figure 8). We use the following pollution 

markers to build a core chronology: a peak in Pb isotopes (~1858 CE, 0.43 ± 0.05 m), a 

decline in Pb isotopes (~1880 CE, 0.34 ± 0.05 m), a rise in Cu (~1900 CE, 0.33 ± 0.02 m), 

the onset of Pb pollution (~1875 CE, 0.40 ± 0.05 m), a peak in Pb pollution (~1974 CE, 

0.12 ± 0.05 m), a Pb isotope decline (~1980 CE, 0.11 ± 0.02 m), a decline in Cd (~1975 

CE, 0.09 ± 0.02 m), and a decline in Ni (~1997 CE, 0.04 ± 0.02 m). In addition, we use the 

onset (1954 CE, 0.19 ± 0.02 m) and peak (1963 CE, 0.13 ± 0.02 m) of 137Cs activity and 

the peak abundance of Ambrosia pollen (1850 CE, 0.48 ± 0.08 m). 

 

All radiocarbon dates and pollen and pollution chronohorizons were used to develop an 

age-depth model from ~1000 CE to present (Figure 9). The average chronological 

uncertainty of the RSL data points was 38 years (2σ).  

 

4.5. Relative Sea Level: magnitude, rates, and timing of change  

We produced 23 RSL data points from Cheesequake State Park from 1017 ± 67 to 2006 ± 

10 CE (2σ), which we incorporated into the global proxy database and analysed using the 

spatio-temporal empirical hierarchical model (Kopp et al., 2016) to examine magnitudes 

and rates of RSL change. We found that RSL in northern New Jersey continuously rose 

over the last 1000 years by 1.5 ± 0.1 m (1σ) (Figure 10). RSL rose at a rate of 1.2 ± 0.2 

mm/yr (2σ) from 1000 to 1700 CE before accelerating to a rate of rise of 2.1 ± 0.3 mm/yr 

from 1700 CE to present. Rates successively increased from 1.3 ± 0.7 mm/yr from 1700-

1800 CE to 1.8 ± 0.6 mm/yr from 1800-1900 CE to 3.0 ± 0.6 mm/yr from 1900-2000 CE. 

The NOAA-operated tide gauge at Sandy Hook, New Jersey (station number 8531680), 
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located ~20 km from Cheesequake State Park, shows a ~0.3 m RSL rise since 1940 CE at 

a rate of 4.1 ± 0.1 mm/yr using the spatiotemporal model compared to the proxy-based 

reconstruction record of 3.2 ± 0.4 mm/yr from 1940-2000 CE. 

 

Sixty-year average rates from 1700-2000 CE increase concurrently with the probability 

that each 60-year interval and all subsequent 60-year intervals were greater than a random 

60-year interval during the pre-Industrial Common Era (Figure 11). From the period 1700-

1760 CE, the average rate of RSL was 1.3 ± 0.5 mm/yr (1σ), which increased to 3.2 ± 0.4 

mm/yr from 1940-2000 CE. In northern New Jersey at Cheesequake State Park, it is very 

likely (probability P ≥ 0.90) that the average rates of RSL rise during 1880-1940 CE (2.7 

± 0.4 mm/yr) and during all subsequent 60-year time periods were greater than a random 

60-year interval during the pre-Industrial Common Era (0-1700 CE). Interpolation from 

the probability curve suggests this probability reaches 0.90 by ~1895 CE, which is the 

timing when rates emerged above pre-Industrial Common Era (0-1700 CE) background 

variability (Figure 11).  

 

5. Discussion 

5.1. Regional Relative Sea-Level Change 

We can examine the magnitudes and rates of RSL change in northern New Jersey in the 

Common Era using the spatiotemporal model, as well as compare to other nearby proxy-

based reconstructions from southern New Jersey (Kemp et al., 2013) and New York City 

(Kemp et al., 2017). The spatiotemporal model estimates RSL in northern New Jersey rose 

2.9 ± 0.2 m (1σ) over the last ~2000 years with a 0.3 ± 0.04 m rise in the last century. Kemp 
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et al. (2013) reconstructed RSL in southern New Jersey and the spatiotemporal model 

reveals a slightly larger magnitude of RSL rise over the last ~2000 years at 3.3 ± 0.1 m, 

with a similar 0.4 ± 0.02 m rise in the last century (Figure 10). Alternatively, to the north 

of Cheesequake State Park, Kemp et al. (2017) completed a high resolution RSL record 

near New York City in The Bronx where RSL rose continuously over the last ~2000 years 

to present by 2.6 ± 0.07 m, with a 0.3 ± 0.02 m rise in the last century (Figure 10). RSL in 

northern New Jersey at Cheesequake State Park rose at a rate of 1.3 ± 0.2 mm/yr (2σ) from 

0-1700 CE before accelerating to a rate of rise of 2.1 ± 0.3 mm/yr from 1700 CE to present. 

The southern New Jersey RSL record reveals comparable trends to northern New Jersey: a 

rate of rise of 1.5 ± 0.1 mm/yr from 0-1700 CE accelerating to 2.5 ± 0.3 mm/yr from 1700 

CE to present. Using a sea-level database for New Jersey and accounting for compaction 

and tidal range change, Horton et al. (2013) found similar background rates of RSL rise 

over the last 2000 years of an average of 1.3 mm/yr. Similarly, Miller et al. (2013) found a 

rise of 1.6 ± 0.1 mm/yr from 2.2 to 1.2 ka (800 CE) and 1.4 ± 0.1 mm/yr from 800 to 1800 

CE in New Jersey. In New York City, the spatiotemporal model reveals slightly slower 

rates of rise of 1.2 ± 0.1 mm/yr from 0-1700 CE, followed by a rise of 2.0 ± 0.2 mm/yr 

from 1700 CE to present. Engelhart and Horton (2012) used a U.S. Atlantic coast RSL 

database and found that RSL rose at a rate of ~1.3 mm/yr from 4 ka BP to 1900 CE in New 

York.  

 

We use the spatiotemporal hierarchical model to decompose the northern New Jersey, 

southern New Jersey, and New York City records into linear, regional non-linear, and local 

components (Figure 10c). Most of the RSL rise during the past ~2000 years is attributed to 
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regional-scale linear processes that we interpret primarily as GIA (e.g. Love et al, 2016; 

Peltier, 2004).  A significant contributor to RSL rise in the mid-Atlantic region during the 

Common Era has been glacial isostatic adjustment (GIA) due to the mid-Atlantic’s 

proximity to the margin of the former Laurentide Ice Sheet (e.g. Engelhart and Horton, 

2012; Roy and Peltier, 2015; Love et al., 2016). The linear component exhibits a north to 

south gradient, contributing ~3.1 m of RSL rise in southern New Jersey, ~2.7 m in northern 

New Jersey, and ~2.4 m in New York City. The collapsing peripheral forebulge at the 

former ice margin caused maximum rates of RSL in New Jersey and Delaware, with a 

slightly lower rise in New York (e.g. Dyke et al., 2003; Engelhart and Horton, 2012). 

Additionally, vertical motions from GPS observations reconcile with geologic rates in the 

mid-Atlantic (e.g. Karegar et al., 2016). Coastal plain locations (New Jersey) have also 

experienced higher rates of RSL rise than bedrock locations (New York City) due to the 

natural compaction of unconsolidated coastal plain Holocene sediments with an average 

20th century compaction rate of 0.16 mm/yr (90% Confidence Interval, 0.06-0.32 mm/yr) 

(e.g. Miller et al., 2013; Johnson et al., 2018). Due to coastal plain subsidence from natural 

compaction and groundwater withdrawal, these locations have rates of RSL rise 0.3-1.3 

mm/yr higher than at bedrock locations (e.g. Miller et al., 2013).  

 

The regional-scale non-linear contribution from all three sites have a magnitude <10 cm 

and are nearly identical because they fall within the same regional scale determined by the 

spatiotemporal model. New York City and northern and southern New Jersey experienced 

a regional non-linear several centimeter decline from 0-500 CE to a minimum of 

approximately -5 cm followed by a stable contribution from 500-1000 CE. A second 
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negative contribution began at ~1000 CE before reaching a minimum of approximately -8 

cm at 1600 CE, which then increased until present. The regional non-linear trends are likely 

explained by a combination of physical processes. The evolving mass of the Greenland Ice 

Sheet could contribute to regional-scale non-linear RSL trends in the mid-Atlantic over the 

Common Era; however, the behaviour of the ice sheet is not well constrained over this time 

period (e.g. Alley et al., 2010). The Greenland Ice Sheet likely advanced and reached a 

peak in mass by the end of the Little Ice Age and subsequently began melting and losing 

mass to the global ocean (e.g. Weidick et al., 2004; Long et al., 2012; Marcott et al., 2013). 

However, the changes in mass of the Greenland Ice Sheet may be too small and/or 

overprinted by other processes to be detected in the regional-scale non-linear trends (Kemp 

et al., 2018). The falling sea-level change from 0-500 CE could be explained by long-term 

cooling from early to mid-Holocene maxima (e.g. Marcott et al., 2013; Kemp et al., 2018; 

Marsicek et al., 2018) since steric effects can produce regional sea-level trends (Roemmich 

and Gilson, 2009; Willis et al., 2004). The varied regional non-linear contribution from 

500 CE to present could be due to ocean mass changes from atmospheric circulation and 

prevailing winds and ocean currents which are causing regional sea-level changes (Kemp 

et al., 2018). For example, meridional ocean circulation can cause sea-level changes along 

the Atlantic coast (e.g. Levermann et al., 2005; Ezer, 2016) Additionally, proxy 

reconstructions of the North Atlantic Oscillation provide evidence for changing 

atmospheric circulation over the Common Era, which could manifest changes in regional 

sea level (e.g. Trouet et al., 2009; Ortega et al., 2015). 
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The local-scale contribution is less than 10 cm in New York City and northern and southern 

New Jersey. Northern and southern New Jersey have similar local contributions with a 

near-zero contribution from 0-1000 CE, followed by a negative contribution, reaching a 

minimum of approximately -8 cm in southern New Jersey, and -2 cm in northern New 

Jersey at 1700 CE and then an increase to present. In contrast, New York City had a local 

contribution rise to ~500 CE, followed by a decline to a minimum of approximately -6 cm 

at 1200 CE, and then an increase to present. Post-depositional lowering through sediment 

compaction could contribute to the local-scale component; however, we corrected the RSL 

record for compaction in northern New Jersey, and sediment compaction has been shown 

to have a minimal contribution to RSL reconstructions from continuous sequences of high 

salt-marsh peat (e.g. Brain et al., 2015, 2017; Kemp et al., 2018). Anthropogenic 

groundwater withdrawal in the last several hundred years can cause local-scale RSL 

differences across geographically proximal locations (e.g. Miller et al., 2013; Johnson et 

al., 2018). Coastal New Jersey has been shown to experience up to ~0.7 mm/yr of 

subsidence due to groundwater withdrawal in the 20th century (Johnson et al., 2018), which 

could explain some of the increasing local contribution in the last century. Additionally, 

tidal range changes through time could cause local differences in RSL through changing 

bathymetric depths from the effects of sedimentation or through anthropogenic changes 

such as a loss of wetlands (e.g. Kemp et al., 2017), which could have contributed to the 

increasing local contribution in both New York City and New Jersey over the last several 

hundred years after European settlement. 
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5.2 Global Mean Sea-Level Change 

We use the spatiotemporal empirical hierarchical model (Kopp et al., 2016) with the 

expanded global Common Era sea-level database to examine global mean sea level 

(GMSL) over the Common Era and to define the global timing of the onset of modern rates 

of sea-level rise and identify any spatial variability of elevated rates of sea-level rise.  

 

The global component of reconstructed RSL has similar trends to the results from Kopp et 

al. (2016), and is consistent with a more recent compilation from Kemp et al. (2018) (Figure 

12). Global sea-level (GSL) gradually rose from 0 CE to 500 CE at a rate of 0.2 ± 0.1 

mm/yr, but then gradually fell from 500 CE to 1300 to CE at a rate of -0.1 ± 0.1 mm/yr. 

GSL then rose from 1300 CE to 1600 CE and fell from 1600 CE to 1800 CE. GSL has 

continued to rise since 1800 CE. There is a 99.9% probability that the rate of RSL from the 

most recent 60-year interval, 1940-2000 CE (1.4 ± 0.1 mm/yr), was faster than all previous 

60-year intervals in at least the last 3000 years. Kopp et al. (2016) and Kemp et al. (2018) 

found that the 20th century rise was extremely likely, (P ≥ 0.95) and (P > 0.999), 

respectively, faster than during any preceding century since at least -800 CE. 

 

5.3 Global Onset of Modern Sea-level Rise 

We examined the timing of modern rates of RSL using the global database and the 

spatiotemporal model (Figure 13). It is very likely (probability P ≥ 0.90) that the average 

rate of GMSL rise from 1860-1920 CE (0.7 ± 0.2 mm/yr, 1σ) and from all subsequent 60-

year time periods were greater than a random 60-year interval during the pre-Industrial 

Common Era (0-1700 CE). Interpolation from the probability curve suggests this 
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probability reaches 0.90 by ~1870 CE, which we propose as the global onset of modern 

rates of sea-level rise. Church and White (2006, 2011) used a global tide-gauge compilation 

extending back to 1870 CE and noted that acceleration began in the 19th century. Jevrejeva 

et al. (2008) produced a global reconstruction of GSL since 1700 CE using tide gauge 

records and found a sea level acceleration beginning at the end of the 18th century; however, 

they used only three tide gauge records (Amsterdam, Liverpool, and Stockholm) extending 

prior to 1850 CE and these records may not be representative of global change. Kemp et 

al. (2015) applied change point analysis to the global tide gauge compilation of Jevrejeva 

et al. (2008), which revealed a primary rate increase at 1827-1860 CE and a secondary 

increase at 1924-1943 CE (Kemp et al. 2015).  

 

The onset of global modern elevated rates of sea-level rise is in response to increased ocean 

mass and volume from glacier/ice sheet melt and thermal expansion (Church et al., 2013). 

We can compare our timing of the onset of modern sea-level rise (~1870 CE) to the onset 

of warming from air and sea surface temperature reconstructions that drove ocean 

mass/volume changes (Figure 13). Abram et al. (2016) found that greenhouse forcing of 

industrial-era warming commenced during the mid-19th century. Sea surface temperatures 

(SST) suggested an onset of warming ranging from 1827-1834 CE among the Western 

Atlantic, Western Pacific and Indian oceans. The onset of warming of surface air 

temperatures (SAT) occurred slightly later, ranging from 1831-1904 CE across the globe. 

Therefore, the onset of SST warming precedes our timing of modern sea-level rise, while 

the global average of the onset of SAT warming (1868 CE) is synchronous with the timing 

of our modern sea-level rise (~1870 CE). The increased rates of RSL rise are likely caused 
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primarily by thermal expansion and melting of mountain glaciers (Church et al., 2013) in 

response to the warming SST and SAT. For example, global glacier volume began to 

decline in the middle of the 19th century and significantly contributed to global sea-level 

rise (LeClercq et al., 2011; Marzeion et al., 2012). The behaviour of the Greenland and 

Antarctic Ice Sheets is not well constrained over this time period, but it is unlikely they had 

large positive contributions to global sea-level rise until the 20th century (e.g. Gregory et 

al., 2006; Alley et al., 2010; Davies et al., 2012; Box and Colgan, 2013).  

 

5.4 Spatial Variability of Modern Elevated Rates in the North Atlantic 

We used the spatiotemporal model to examine the timing of modern rates of RSL rise at 

the proxy locations with the highest resolution. All of the sites that fit the resolution criteria 

were in the North Atlantic – four sites in Europe and fifteen sites along the eastern coast of 

North America (Table 2). The nineteen sites also had comparable average RSL (< 0.36 m) 

and age (< 113 yr) errors from their reconstructions. The null hypothesis of RSL for Seoul, 

South Korea, a location where there is no available RSL data, follows global sea level in 

changes in mean rate, but with a larger standard deviation. Therefore, individual sites with 

RSL predictions and probability estimates that differ from Seoul reflect the influence of 

meaningful local information at that site.  

 

We examined the probability when the average rate of RSL rise from a 60-year interval 

and from all subsequent 60-year intervals were greater than a random 60-year interval in 

the past (0-1700 CE). Average background RSL rates from 0-1700 CE ranged from -0.24 

± 0.20 mm/yr in Scotland to 1.72 ± 0.12 mm/yr in Nova Scotia. Average RSL rates from 
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1700-2000 CE ranged from 0.13 ± 0.35 mm/yr in Scotland to 2.48 ± 0.25 mm/yr in southern 

New Jersey. Rates of RSL rise in the last three centuries are fastest in the mid-Atlantic 

region of the U.S., followed by the northeast and southeast U.S., and slowest in Canada 

and Europe (e.g. Engelhart et al., 2011; Barlow et al., 2014). 

 

Global sea level has the earliest onset of modern rates of RSL rise (~1870 CE) before 

individual locations because it is less noisy than an individual record, as it combines all of 

the records around the globe. In the North Atlantic, we observe spatial variability in the 

timing of the onset of modern elevated rates of RSL (Figure 14). The onset occurs the 

earliest in the mid-Atlantic region (New York, New Jersey, Maryland, North Carolina), 

where it is very likely (probability P ≥ 0.90) that the average rate of RSL rise from 1860-

1920 CE or 1880-1940 CE and from all subsequent 60-year time periods were greater than 

a random 60-year interval in the past. In the mid-Atlantic, Kemp et al. (2017) reconstructed 

RSL in New York City and using change point analysis, found that the rate of RSL rise 

markedly increased at 1812-1913 CE (95% credible interval). Here, interpolation from the 

probability curve using the spatiotemporal model for New York City suggests a similar 

timing, when the 0.90 probability is reached by ~1875 CE. Similarly, Kemp et al. (2013) 

and Kemp et al. (2017) applied change point analysis to the southern New Jersey and North 

Carolina RSL records, respectively, and found a rate increase between 1830 and 1873 CE 

in New Jersey and between 1865 and 1892 CE in North Carolina. Here, we suggest modern 

rates occur later in southern New Jersey (~1880 CE), but at a similar time in North Carolina 

(~1875 and 1890 CE from two sites).  
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The northeastern (Connecticut, Massachusetts) and southeastern (Florida) U.S. revealed a 

slightly later onset of modern rates of RSL rise. It is very likely (probability P ≥ 0.90) that 

the average rate of RSL rise from 1880-1940 CE or 1900-1960 CE and from all subsequent 

60-year time periods were greater than a random 60-year interval in the past. Change point 

analysis on a RSL record in Connecticut showed a rate increase between 1850 and 1886 

CE (Kemp et al., 2015) compared to ~1895 using the spatiotemporal model. Similar 

analyses in Little Manatee River, Florida and Nassau, Florida revealed a change point at 

1830-1940 CE and 1830-1920, respectively (Kemp et al., 2015; Gerlach et al., 2017). Here, 

we interpolate similar elevated rate timings at ~1895 CE in Little Manatee River and ~1920 

in Nassau. Although change point analysis is a different process level model that does not 

allow for acceleration over time, the change point analyses performed on RSL records 

along the U.S. east coast are largely consistent with our results using the spatiotemporal 

model. 

 

Canada (Nova Scotia, Newfoundland) and Europe (Iceland, Denmark, Scotland) have the 

latest onset of modern elevated rates of RSL rise. It is very likely (probability P ≥ 0.90) 

that the average rate of RSL rise from 1920-1980 CE or 1940-2000 CE and from all 

subsequent 60-year time periods were greater than a random 60-year interval in the past. 

Gehrels et al. (2005) noted an acceleration in rates in Nova Scotia between 1900 and 1920 

CE, while we suggest elevated rates occur in ~1930 CE. In Iceland, a 0.90 probability is 

reached in ~1950 CE. Gehrels et al. (2006) found that recent rise began much earlier in 

Iceland in 1820 ± 20 CE as dated by paleomagnetism and Pb produced by European coal 

burning; however, a new record from Iceland does not find this early acceleration, but 
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instead notes three periods of rapid RSL rise from 1620-1650 CE, 1780-1850 CE, and 

1950-2000 CE (Saher et al., 2015). Scotland had the latest onset of modern elevated rates, 

reaching a 0.90 probability in ~1960-1965 CE. The onset of elevated rates appears muted 

and later along the eastern North Atlantic margin (European coast) compared to the western 

North Atlantic margin (North American coast) (Barlow et al., 2014; Long et al., 2014).  

 

The spatial asynchronies that we observe in the timing of the onset of modern rates of RSL 

may suggest regional variability in the underlying mechanisms driving faster rates of sea-

level rise. Whereas a synchronous timing of the onset may suggest forcing by ice sheet 

and/or glacier melt into the global ocean, an asynchronous timing might signal the role of 

ocean dynamics or ocean steric changes (Gehrels and Woodworth, 2012). The spatial 

pattern we observe in the timing (U.S. mid-Atlantic earliest, followed by northeastern and 

southeastern U.S, and Canada and Europe the latest) does not suggest fingerprinting of the 

Greenland Ice Sheet where we would expect to see a north to south pattern of increasing 

RSL rise (e.g. Mitrovica et al., 2001). Instead, our observed spatial pattern may be due to 

a combination of steric and ocean dynamic effects from changes in Atlantic Meriodional 

Overturning Circulation (AMOC) and the Gulf Stream. The strength and/or position of the 

Gulf Stream can affect regional sea level on the U.S. Atlantic coast (e.g. Levermann et al., 

2005; Yin et al., 2009; Ezer et al., 2013; Yin and Goddard, 2013). For example, proxy 

evidence revealed a ~3 Sv reduction in Gulf Stream strength during the Little Ice Age (at 

~1350-1750 CE; Lund et al., 2006), which models suggest would cause a 1.5-6 cm rise 

north of Cape Hatteras (Kienert and Rahmstorf, 2012). The strength of the Gulf Stream 

changes with variability in AMOC (e.g. Bryden et al., 2005; Srokosz et al., 2012), as well 
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as in response to changing patterns of atmospheric winds and pressure, such as those 

connected with the North Atlantic Oscillation (NAO) (e.g. Lozier, 2012). Caesar et al. 

(2018) used a SST-based AMOC index and show a fingerprint of SST in the North Atlantic 

due to a northward shift of the Gulf Stream, which is associated with a reduction in AMOC. 

Observed SST trends from 1870 to 2016 reveal a distinct pattern in the North Atlantic 

(Caesar et al., 2018) similar to the spatial trend in timing of the onset of modern rates of 

RSL (Figure 15). The Gulf Stream shifts northwards and closer to the coast as AMOC 

slows down, causing extreme warming along the northeast coast of the U.S. with cooling 

to the south and to the north in the subpolar Atlantic gyre due to reduced heat transport 

(Caesar et al., 2018). If the AMOC reduction and subsequent Gulf Stream shift did begin 

in the mid-nineteenth century, it is a potential explanation for the earliest onset of modern 

elevated rates of RSL in the mid-Atlantic and the latest onset in northwest Europe, 

supporting the differences in RSL histories between the North American and European 

coastlines over the last several centuries (Barlow et al., 2014; Long et al., 2014). 

 

6. Conclusion 

We produced a new high-resolution Common Era RSL record from northern New Jersey 

and included it in an updated global database of instrumental and proxy sea-level records. 

Using a spatiotemporal model, we examine magnitudes and rates of past RSL in northern 

New Jersey in the context of broader global and regional changes. Using the reconstructed 

spatiotemporal sea-level field, we determine the inception of modern rates of sea-level rise 

as the 60-year interval in the last three centuries when rates emerge above the spread of 

previous variability over the pre-Industrial Common Era from 0 to 1700 CE. Globally, it 
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is very likely (probability P ≥ 0.90) that the average rate of RSL rise from 1860-1920 CE 

(0.7 ± 0.2 mm/yr, 1σ) and from all subsequent 60-year time periods were greater than a 

random 60-year interval during the pre-Industrial Common Era (0-1700 CE). We 

interpolate when the probability reaches 0.90 and suggest that ~1870 CE is the global onset 

of modern rates of sea-level rise, which is likely in response to increased ocean mass and 

volume from glacier melt and thermal expansion.  

 

We used the spatiotemporal model to examine the timing of modern elevated rates of RSL 

rise at individual proxy locations with the highest resolution: four sites in Europe and 

fifteen sites along the eastern coast of North America. The timing is asynchronous at the 

North Atlantic sites, but reveals a distinct spatial pattern where the onset of modern rates 

appears muted and later along the European coast compared to the North American coast. 

Elevated rates in RSL appear earliest in the mid-Atlantic region (New York, New Jersey, 

Maryland, North Carolina) from 1860-1920 CE or 1880-1940 CE. The northeastern 

(Connecticut, Massachusetts) and southeastern U.S. (Florida) revealed a slightly later onset 

of modern elevated rates of RSL rise from 1880-1940 CE or 1900-1960 CE. Canada (Nova 

Scotia, Newfoundland) and Europe (Iceland, Denmark, Scotland) have the latest onset of 

modern elevated rates of RSL rise from 1920-1980 CE or 1940-2000 CE. The observed 

spatial pattern in timing appears to follow SST trends from a reduction in Atlantic 

Meridional Overturning Circulation (AMOC) and northward shift of the Gulf Stream, 

where the northeast coast of the U.S. warms, with cooling to the south and to the north in 

the subpolar Atlantic gyre. Therefore, we suggest that a combination of steric and ocean 
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dynamic effects could be a potential explanation for the earliest onset of elevated rates of 

RSL in the mid-Atlantic and the latest onset in northwest Europe. 
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Tables and Figures 

Table 1. Reported radiocarbon ages and uncertainties from the Cheesequake State Park 

core with calibrated ages using the IntCal13 dataset. 
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Table 2. Nineteen sites that fit the data resolution criteria to examine the timing of the 

onset of modern rates of RSL rise. 
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Figure 1. Annual mean sea level from tide gauges at The Battery, New York; Sandy Hook, 

New Jersey; and Atlantic City, New Jersey; obtained through the Permanent Service for 

Mean Sea Level. 
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Figure 2. (A) Location of Cheesequake State Park in northern New Jersey off of Raritan 

Bay on the Northeastern Atlantic coast where a new Common Era RSL record was 

produced. (B) Salt-marsh study site showing core and modern transect locations, including 

location of the sampled core for detailed analysis. (C) Stratigraphy at Cheesequake State 

Park salt-marsh study site with location of sediment core used to reconstruct RSL. 
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Figure 3. Three modern transects at Cheesequake State Park with elevation, stable carbon 

isotope geochemistry, and foraminifera distributions that were used in the Bayesian 

transfer function.  
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Figure 4. PCA analysis of modern foraminifera assemblages from southern New Jersey 

from Kemp et al. (2012) and from Cheesequake State Park, which shows the compatibility 

of the two datasets. 
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Figure 5. (A) Predicted versus measured elevations using the BTF, which we calibrated 

using the combined New Jersey modern training set and evaluated its performance using 

10-fold cross validation. (B) Trends between residual values and measured elevations of 

modern samples revealed no visible structure; therefore, the BTF did not systematically 

overestimate or underestimate PME across tidal elevations. 
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Figure 6. Core foraminifera and δ13C in the upper 1.2 m of the sampled sediment core 

(CQ/15/C1) from Cheesequake State Park. Only the four most abundant foraminifera 

species are shown here. The BTF was applied to the core foraminifera and δ13C data to 

provide PME estimates for each core sample. 
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Figure 7. Estimation of post-depositional lowering caused by sediment compaction in the 

sampled sediment core (CQ/15/C1) from Cheesequake State Park. (A) Measured and 

modeled (using a geotechnical model) loss-on-ignition of the sediment core. (B) Measured 

and modeled dry bulk density of the sediment core. (C) Modeled effective stress through 

the sediment core. (C) Modeled post-depositional lowering predicted by the geotechnical 

model with a maximum of ~0.02 m in the middle of the core around 2 m depth. 
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Figure 8. Changes in Ambrosia pollen abundances and regional-scale pollution markers, 

recognized in changes in down-core concentrations of lead, copper, cadmium, and nickel; 

the ratio of lead isotopes (206Pb:207Pb); and 137Cs activity, which were used to provide a 

chronology for the upper 50 cm of the core representing the last several hundred years. 
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Figure 9. Age-depth model from ~1000 CE to present developed from all radiocarbon 

dates and pollen and pollution chronohorizons. The average chronological uncertainty of 

the RSL data points was 38 years (2σ).  
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Figure 10. (A) RSL data and spatiotemporal model predictions from 0 to 2000 CE for 

northern New Jersey, southern New Jersey (Kemp et al., 2013), and New York City (Kemp 

et al., 2017). Boxes represent the vertical and chronological uncertainty for each data point. 

(B) Spatiotemporal model predictions for rates of RSL from 0 to 2000 CE for northern 

New Jersey, southern New Jersey (Kemp et al., 2013), and New York City (Kemp et al., 

2017). (C) Spatiotemporal model decomposition of the northern New Jersey, southern New 

Jersey, and New York City records into linear, regional non-linear, and local components. 
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Figure 11. Sixty-year average rates from 1700-2000 CE for northern New Jersey, which 

increase concurrently with the probability that each 60-year interval and all subsequent 60-

year intervals were greater than a random 60-year interval during the pre-Industrial 

Common Era (0-1700 CE). Interpolation from the probability curve suggests this 

probability reaches 0.90 by ~1895 CE. 
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Figure 12. Reconstructed global mean sea level using the spatiotemporal model from this 

study compared to the results from Kopp et al. (2016) and Kemp et al. (2018). 
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Figure 13. Sixty-year average rates from 1700-2000 CE for global sea level, which 

increase concurrently with the probability that each 60-year interval and all subsequent 60-

year intervals were greater than a random 60-year interval during the pre-Industrial 

Common Era (0-1700 CE). Interpolation from the probability curve suggests this 

probability reaches 0.90 by ~1870 CE. We compare our timing of elevated rates of sea-

level rise to the onset of warming from air and sea surface temperature reconstructions that 

drove ocean mass/volume changes (Abram et al., 2016). 
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Figure 14. Nineteen sites that fit the data resolution criteria to examine the timing of the 

onset of modern rates of RSL rise. Spatiotemporal model predictions of rates of RSL are 

shown with 60-year intervals when the probability that all subsequent 60-year intervals are 

greater than a random 60-year interval in the past reaches 0.90, including the approximate 

year when the 0.90 probability is reached.  
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Figure 15. (A) Observed spatial variability in the timing of the onset of modern elevated 

rates of RSL in the North Atlantic where elevated rates in RSL appear earliest in the mid-

Atlantic region followed by the northeastern and southeastern U.S., and latest in Canada 

and Europe. (B) From Caesar et al., 2018 where observed SST trends from 1870 to 2016 

reveal a distinct pattern in the North Atlantic similar to the spatial trend in timing of the 

onset of modern rates of RSL rise. 
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Appendix A: All modern dead foraminifera counts from Cheesequake State Park. 
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Appendix B: All fossil core foraminifera counts from Cheesequake State Park. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Depth (cm) J. macrescens T. comprimata B. pseudomacrescens M. fusca M. petila S. lobata Haplophragmoides spp. T. inflata A. mexicana

0 7 101 12 19 2 28 21 12 8

5 13 86 7 16 4 22 14 94 0

10 24 113 31 3 0 5 8 173 0

15 14 35 0 0 0 12 9 84 2

20 50 29 3 13 7 5 18 9 2

25 24 54 8 0 0 22 20 168 22

30 6 31 4 0 4 0 0 19 2

35 180 14 6 2 56 4 4 14 0

40 86 21 0 0 84 5 5 3 8

45 64 66 0 0 106 0 6 6 0

50 5 2 0 0 1 1 0 1 3

55 70 11 1 0 7 1 3 6 0

60 67 29 0 0 4 0 1 0 0

65 268 16 0 0 184 0 0 0 0

70 111 2 0 0 103 0 1 0 0

75 542 42 0 0 812 0 0 0 0

80 111 7 0 0 42 0 4 1 1

85 280 12 0 0 228 4 8 4 0

90 74 2 0 0 20 0 0 1 0

95 56 0 0 0 30 0 0 1 0

100 5 2 0 0 6 0 0 2 0

105 32 3 0 0 7 0 0 1 0

110 6 4 0 0 6 1 0 0 0

115 17 2 0 0 6 0 0 3 0

120 22 4 2 0 5 0 1 0 0
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Appendix C: All modern and core stable carbon isotope geochemical (δ13C) data from 

Cheesequake State Park. 

 

 

 

 

 

 

 

 

 

Sample ID d13C (per mille VPDB) Elevation (m MTL) Elevation (SWLI)

CQ/1/2 -19.1 0.21 124

CQ/1/3 -19.1 0.83 201

CQ/1/4 -18.5 0.90 211

CQ/1/5 -17.5 0.92 213

CQ/1/6 -16.7 0.96 217

CQ/1/7 -16.8 0.97 220

CQ/1/8 -20.5 0.94 216

CQ/1/9 -23.2 0.98 220

CQ/1/10 -28.1 0.99 222

CQ/1/11 -28.5 1.28 257

CQ/2/1 -18.8 0.35 142

CQ/2/3 -17.6 0.54 165

CQ/2/4 -18.0 0.89 209

CQ/2/5 -18.9 1.00 222

CQ/2/6 -22.2 1.01 224

CQ/2/7 -17.3 0.98 221

CQ/2/8 -18.2 1.04 227

CQ/2/9 -25.7 1.03 226

CQ/2/10 -27.7 1.04 228

CQ/2/11 -29.4 1.39 272

CQ/3/1 -17.7 0.35 141

CQ/3/2 -19.2 1.05 229

CQ/3/3 -19.6 1.10 236

CQ/3/4 -15.9 1.12 238

CQ/3/5 -16.3 1.09 234

CQ/3/6 -18.7 1.09 235

CQ/3/7 -26.7 1.09 234

CQ/3/8 -20.6 1.09 235

CQ/3/9 -25.8 1.02 225

CQ/3/10 -26.5 0.99 221

CQ/3/11 -26.6 1.05 229

CQ/3/12 -28.2 1.43 277

Depth (cm) d13C (per mille VPDB)

0 -15.6

5 -16.9

10 -23.3

15 -20.7

20 -16.9

25 -19.0

30 -19.0

35 -20.2

40 -18.9

45 -20.1

50 -19.2

55 -19.4

60 -19.9

65 -23.0

70 -20.7

75 -20.2

80 -20.9

85 -22.8

90 -24.3

95 -24.6

100 -24.8

105 -25.6

110 -26.4

115 -26.4

120 -26.6
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Chapter 3: Relative sea-level changes in New Jersey during the last 5000 

years 

 

Abstract 

Glacial isostatic adjustment (GIA) is the dominant cause of late Holocene relative sea-level 

(RSL) rise in New Jersey. Geological reconstructions of past RSL record the temporal and 

geographical evolution of coastlines and can be used to constrain models of GIA. We 

produced a new late Holocene RSL record in southern New Jersey from salt marsh 

sediment cores. Our sea-level data are from basal peat units overlying an incompressible 

substrate, which minimizes the influence of sediment compaction. We used a geotechnical 

model to account for compaction, and we used a paleotidal model to include an error for 

tidal range change through time. We used a transfer function that employs salt-marsh 

foraminifera assemblages and bulk sediment stable carbon isotope geochemistry to 

estimate the paleomarsh elevation at which each sample was formed. Ages were 

determined from high precision Accelerator Mass Spectrometry radiocarbon dating on 

plant macrofossils. We found that RSL rose continuously through the late Holocene, 

increasing by ~6.4 m from 4.6 ka BP to 1.2 ka BP at an average rate of 1.9 ± 0.3 mm/yr. 

We compared our observed RSL changes from the basal peat record with site-specific GIA 

models that combine the ICE-6G_C glaciation-deglaciation with ten viscosity models. We 

used one 1D (VM5a) and nine 3D mantle viscosity models to examine GIA predictions at 

1000 year intervals over the last 5000 years. We found a misfit between model predictions 

and RSL observations, although the 3D models are an improvement over the 1D model. 

The remaining misfits suggest the importance of utilizing a wide array of ice model and 
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viscosity model parameters to find a better fit between site-specific GIA predictions and 

RSL observations.  

 

1. Introduction 

Glacial isostatic adjustment (GIA) is the dominant driver of late Holocene relative sea-

level (RSL) rise in the U.S. mid-Atlantic region, including New Jersey, due to its proximity 

to the margin of the former Laurentide Ice Sheet (e.g. Engelhart and Horton, 2012; Roy 

and Peltier, 2015; Love et al., 2016). As the ice sheet retreated, the peripheral forebulge 

began to collapse, causing land subsidence and late Holocene RSL rise along the U.S. mid-

Atlantic (e.g. Clark et al., 1978; Davis and Mitrovica, 1996; Engelhart and Horton, 2012; 

Roy and Peltier, 2015).  An accurate estimate of the contribution of GIA to late Holocene 

RSL is important for coastal adaptation, because in many regions subsidence is a principal 

reason for differences between regional and global-mean sea-level projections (e.g. Kopp 

et al., 2014; Love et al., 2016). 

 

GIA is the dynamic response of the solid Earth to surface ice and water redistribution 

during the cycles of an ice age (e.g. Clark et al., 1978). Models of the GIA process use an 

array of geophysical data (e.g. geological and instrumental RSL reconstructions, space-

geodetic measurements of crustal motion, time-dependent gravity measurements) to 

constrain the geophysical properties of the Earth’s interior, most notably the effective 

viscosity (Peltier, 1998; Lambeck and Johnston, 1998; Mitrovica and Forte, 1997). GIA 

models also take as input reconstructions of past ice sheet cover (extent and thickness) and 
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simulate the evolution of RSL through time as the solid Earth responds to ice sheet changes 

(e.g. Peltier, 2004; Lambeck et al., 2014). One-dimensional Earth models assume the 

lithosphere and mantle are laterally homogeneous, but Earth material properties vary 

radially and laterally (Ekstrom and Dziewonski, 1988; Bunge and Grand, 2000) creating 

uncertainties regarding ice history, mantle viscosity, and lithospheric thickness (e.g. Davis 

and Mitrovica, 1996).  

 

Among the geophysical data sources that are used to constrain GIA models, geological 

reconstructions of past RSL are of particular importance, since they record the temporal 

and geographical evolution of coastlines (e.g. Wu et al., 2013; Li et al., 2018). Early GIA 

models (Clark et al., 1978) did not fit the observed RSL data from the U.S. Atlantic coast. 

GIA models have improved with changes in global ice sheet reconstructions (e.g. ICE-6G-

C; Peltier et al., 2015), regional ice models (e.g. Kaufmann et al., 2005; Wu, 2005; Steffen 

et al., 2006), and mantle viscosity models (VM5a, b and VM6) where viscosity is not 

independent of depth (Peltier and Drummond, 2008; Engelhart et al., 2011; Roy and Peltier, 

2015; Hawkes et al., 2016). However, Engelhart et al. (2011) and Roy and Peltier (2015) 

still found misfits between RSL observations and GIA predictions when comparing a 

Holocene sea-level database with ice sheet and mantle viscosity GIA models on the U.S. 

Atlantic coast. Love et al. (2016) used 363 Earth viscosity models with 35 North American 

ice histories to accommodate 3D Earth structure and estimate GIA contributions to fit RSL 

data on the U.S. Atlantic coast. Li et al. (2018) demonstrated the need for 3D laterally 

heterogeneous mantle viscosity models to examine the misfit between GIA predictions and 
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RSL observational data and finds that the introduction of lateral viscosity variations can 

help resolve some misfits in global RSL data. 

 

Accurate RSL reconstructions at a high resolution are needed to validate GIA models on 

the U.S. mid-Atlantic coast. Such RSL reconstructions are provided by salt marsh 

sediments, but they are limited by the depth and specific stratigraphy of sediment 

sequences available (Engelhart and Horton, 2012) as well as local processes involving 

sediment compaction (e.g. Long et al., 2006; Horton and Shennan, 2009) and tidal range 

change (e.g. Gehrels et al., 1995; Shennan et al., 2003; Hill et al., 2011). Salt-marsh 

sediments are prone to sediment compaction, a process that occurs as sediment 

accumulates, reducing sediment volume and altering the stratigraphic column (Allen, 2000; 

Horton and Shennan, 2009), resulting in an underestimation of past sea-level (e.g. Allen, 

2000; Edwards, 2006; Long et al., 2006).  Changes in tidal range through time from factors 

such as changing bathymetry, coastlines, and shelf width can also affect RSL 

reconstructions, creating scatter among sea-level index points (e.g. Gehrels et al., 1995; 

Hill et al., 2011; Horton et al. 2013). 

 

Here, we produced a high resolution late Holocene RSL reconstruction from a salt marsh 

in southern New Jersey, a region that experienced high rates of RSL rise due to the 

collapsing peripheral forebulge at the former ice margin (e.g. Dyke et al., 2003; Engelhart 

and Horton, 2012). We use basal peat units, which experience minimal sediment 

compaction (e.g. Shennan and Horton, 2002; Tornqvist et al., 2008). Each data point 

includes an error for tidal range change and an error for the minimal compaction from a 
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basal peat layer overlying an incompressible substrate. Ages were produced through high 

precision Accelerator Mass Spectrometry (AMS) radiocarbon dating on salt-marsh plant 

macrofossils. Our resulting high resolution RSL record was compared to an ensemble of 

site-specific 1D and 3D mantle viscosity models from Li et al. (2018). 

 

2. Study Area 

The southern New Jersey coast is characterized by a barrier island and lagoon system 

adjacent to the Atlantic Ocean. The barrier island coastline is characteristic of trailing edges 

of passive continental margins and transgressive barriers (Inman and Nordstrom, 1971), 

which shelters the lagoon system in front of the geologically older Pleistocene mainland 

(e.g. Psuty, 1986). This region is a tectonically stable, passive continental margin with a 

coastal plain consisting of Cretaceous to Holocene unconsolidated sands, silts, clays and 

gravels (e.g. Field and Duane, 1976). These coastal plain sediments have slowly subsided 

(<1 mm/yr) since the Cretaceous due to thermal subsidence, sediment loading offshore, 

and compaction (e.g. Kominz et al., 1998). 

 

The salt-marsh field study site is at Leeds Point in Edwin B. Forsythe National Wildlife 

Refuge on the west side of Great Bay in southern New Jersey (Figure 1). The Refuge 

comprises and protects over 47,000 acres of a network of land and waters of the southern 

New Jersey coast, including over 35,000 acres of salt marshes (U.S. Fish and Wildlife 

Service, 2019). The coast forms extensive gently sloping platforms of modern salt marshes 

with tidal channels (Ferland, 1990). The salt marshes of Edwin B. Forsythe National 
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Wildlife Refuge were investigated by Kemp et al. (2013). They reconstructed RSL over 

the last 2500 years in southern New Jersey using a foraminiferal-based transfer function. 

After correcting for land-level change (1.4 mm/year), they found four multi-centennial sea-

level trends using change point analysis: fall at 0.11 mm/year from -500 to 250 CE, rise at 

0.62 mm/year from 250 to 733 CE, fall at 0.12 mm/year from 733 to 1850 CE, and rise at 

3.1 mm/year since 1850 CE, which exceeds the global average estimate for the 20th 

century. 

 

The southern New Jersey coast has a semidiurnal, microtidal (range <2 m) regime, but 

varies between the ocean and lagoon side of the barriers. The tidal range at our field site is 

1.1 m. Water exchange primarily occurs between the Atlantic Ocean and Little Egg Inlet 

leading into Great Bay (Chant et al., 1996). 

 

3. Methods 

3.1. Sampling Design 

We completed multiple transects of hand cores to better understand the underlying 

stratigraphy of the marsh and to track the basal peat unit. The cores were described in the 

field using the Troels-Smith (1955) method for organic-rich sediments to record the 

proportions of organic matter, silt, clay, and sand, and the presence of wood or shell 

fragments. A transect of 14 core locations was selected to retrieve basal peat sediments. 

The lower ~1 m of each of the 14 cores was collected so that the entire basal peat section 

was obtained, including the transitions into overlying sediment sequences and the top of 
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the underlying incompressible substrate. Basal samples were collected so that each core 

overlaps in depth with the sampled section from the next core in the transect. Each core 

was collected using a hand-driven Russian-type core to minimize compaction or 

contamination during sampling. The recovered basal core sections were sealed in pipe 

sections with plastic wrap and refrigerated until analysis to minimize drying and oxidation.  

 

We obtained elevations for each core location using a temporary benchmark with real time 

kinematic (RTK) satellite navigation and a total station where elevations were referenced 

to the North American Vertical Datum (NAVD88). We used VDatum (Yang et al., 2008) 

to convert from orthometric to tidal datums.  

 

3.2. Estimating Paleomarsh Elevation 

We chose one sample at the base of the basal peat stratigraphic unit from each core to 

reconstruct RSL. We used salt-marsh foraminifera as a proxy to reconstruct sea level, 

because their modern distributions exhibit vertical zonation (e.g. Scott and Medioli, 1978; 

Gehrels, 1994; Horton and Edwards, 2006). Foraminiferal-based transfer functions utilize 

a modern foraminifera training set to quantify species assemblages’ relationship with 

elevation, which is then applied to fossil assemblages to estimate a paleomarsh elevation 

(PME) for each sample with a 1σ sample-specific uncertainty (e.g., Horton et al., 1999; 

Gehrels, 2000; Horton and Edwards, 2006). We used a Bayesian transfer function that 

employs foraminifera and a secondary proxy, δ13C, as an informative prior to reduce 

vertical uncertainty (Cahill et al., 2016; Kemp et al., 2017). Stable carbon isotope 
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geochemistry (δ13C) in bulk sediment represents the dominant vegetation type and can be 

used as a proxy for sea level, because the transition between C3 and C4 dominated salt-

marsh plant communities has been shown to act as the boundary for the mean higher high 

water (MHHW) tidal datum on the U.S. mid-Atlantic coast (e.g. Middleburg et al., 1997; 

Johnson et al., 2007; Kemp et al., 2012). The Bayesian transfer function (BTF) was 

developed using a New Jersey modern training set of salt-marsh foraminifera and δ13C 

from Kemp et al. (2013) consisting of 163 samples from 13 sites in southern New Jersey, 

in addition to 32 modern samples from northern New Jersey (Walker et al., Chapter 2). 

Due to differences in tidal range among sampling locations, we converted the tidal 

elevations of the modern samples into a standardized water level index (SWLI), following 

the approach of Horton et al. (1999), where a value of 100 corresponds to local mean tide 

level (MTL) and a value of 200 corresponds to local mean higher high water (MHHW).  

 

We formally accounted for temporal and spatial variability of modern foraminifera 

distributions in the BTF by informing the variability prior for individual foraminifera 

species using data from a monitoring study of modern foraminifera in southern New Jersey 

(Walker et al., Chapter 1). The performance of the BTF was evaluated using 10-fold cross 

validation on the modern training set, where the data is divided into 10 randomly drawn 

groups of equal size (known as folds). Each fold is removed from the modern dataset in 

turn and the remaining data is used to create predictions for the removed samples, which 

is repeated until every sample has an out-of-sample prediction value (Cahill et al., 2016). 
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We also used a series of terrestrial limiting points from the basal cores to further constrain 

RSL. Samples that indicate deposition in terrestrial or marine environments are classified 

as limiting dates (e.g. Engelhart and Horton, 2012). These terrestrial limiting points did not 

contain any foraminifera and were assigned an indicative range (the elevational range over 

which a sample would occur at present) above MHHW, because MHHW is the lowest 

elevation at which foraminifera became absent in modern foraminifera transects in New 

Jersey (Kemp et al., 2013). Therefore, reconstructed RSL must fall above marine limiting 

dates and below freshwater limiting dates. 

 

3.3. Foraminifera and Geochemistry 

We analyzed the collected basal cores for foraminifera and δ13C in 1-cm slices at 5-cm 

spaced intervals down core. Core samples for foraminifera were wet sieved to isolate the 

63-500 µm foraminiferal-bearing fraction of the sediment and were split into eight equal 

aliquots using a wet splitter (Scott and Hermelin, 1993). Samples were counted under a 

binocular microscope while immersed in distilled water (Scott et al., 2001). A minimum of 

100 tests were counted, or the entire sample was counted if <100 tests were present to 

ensure a statistically-sound representation of low-diversity salt-marsh foraminifera 

assemblages (e.g. Fatela and Taborda, 2002). Identifications of foraminifera were 

confirmed with type specimens at the National Museum of Natural History, Smithsonian 

Institute, Washington, D.C. We grouped specimens of the genus Haplophragmoides into a 

single group due to difficulties in identification to the species level (Kemp et al., 2009). 
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δ13C values were measured in bulk sediment, since the dominant input to salt-marsh 

sediment is in situ vegetation. δ13C was measured at the Departments of Geology and 

Environmental Studies at Bryn Mawr College using a cavity ring-down laser spectroscopy 

(CRDS) following the flash combustion technique described by Balslev-Clausen et al 

(2013). Prior to isotopic analysis, bulk peat samples were freeze-dried in a Virtis™ 

benchtop freeze dryer to remove moisture and then ground in a Retsch™ ball mill until 

finely powdered. Approximately two mg (±0.5 mg) of the dried, powdered sample was 

weighed on a Mettler Toledo™ XP56 microbalance with 4 µg precision. Weighed samples 

were sealed in pressed-wall tin capsules and flash combusted at 980°C in a Costech™ ECS 

4010 element analyzer using N2 as a carrier gas. The isotopic composition of the CO2 

produced by combustion was analyzed in a Picarro™ G2201-i CRDS instrument. Carbon 

abundance in each sample was calculated from the peak 12CO2 concentration measured by 

the CRDS system, calibrated by analysis of standard reference material (NIST 1547 Peach 

leaf). Reproducibility of carbon mass concentration is ±0.8% (1 s.d., n=96). Carbon 

isotopic composition, reported as δ13C, is standardized to Vienna Pee Dee Belemnite 

(VPDB) by analysis of standard reference material USGS40 (glutamic acid). The 

reproducibility of δ13C values is <0.2‰ based on repeat analyses of NIST 1547 (0.15‰, 1 

s.d., n=96) and USGS40 (0.18‰, 1 s.d., n=27).  

 

3.4. Chronology 

All sample ages were measured using Accelerator Mass Spectrometry (AMS) radiocarbon 

dating. 4-6 plant macrofossils (stems and rhizomes) found in growth position were selected 

from the basal peat sequence in each core, cleaned under a microscope to remove 
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contaminant sediment particles, oven dried, and submitted for AMS 14C dating to the 

National Ocean Science Accelerator Mass Spectrometry (NOSAMS) facility and Beta 

Analytic. Reported radiocarbon ages and uncertainties (Table 1) were calibrated using the 

IntCal13 dataset (Reimer et al., 2013).  

 

The radiocarbon dates for each basal core were compiled using the Bchron package in R 

(Haslett and Parnell, 2008; Parnell et al., 2008), which uses a Bayesian framework to 

produce an age-depth model and estimates ages with associated uncertainties for every 1 

cm thick interval in the core. Age estimates in Bchron incorporate the non-parametric 

likelihood distributions from calibrated radiocarbon ages. The age estimates and 

uncertainties from Bchron were applied to each basal core sample with a reconstructed 

PME. 

 

3.5. Compaction 

Basal peats are more resistant to sediment compaction since they overly an incompressible 

substrate (e.g. Shennan and Horton, 2002); however, only base of basal index points in 

direct contact with the incompressible substrate are completely unaffected by compaction 

(Törnqvist et al., 2008). We used a geotechnical model (Brain et al., 2011, 2012, 2015) to 

estimate post-depositional lowering through sediment compaction on the shortest and 

longest sediment cores to evaluate the benefit of using basal peats for RSL reconstructions 

when dealing with deep sediment sequences (e.g. Tornqvist et al., 2008; Horton and 

Shennan, 2009) and to include an error for each sea-level index point to account for the 
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minimal sediment compaction within the basal peat units. The geotechnical model has been 

used previously to correct salt-marsh RSL reconstructions for compaction (e.g. Kemp et 

al., 2017; Kemp et al., 2018), and here we applied the model to the shortest and longest 

sediment cores to estimate the maximum potential influence of compaction for each 

sampled basal peat section. 

 

Modern marsh surface sediments from Cape May Courthouse and Leeds Point in southern 

New Jersey similar to those found in the sediment core were used for laboratory 

geotechnical testing to calibrate the model (Brain et al., 2015). Core samples were tested 

under one-dimensional, zero-lateral strain compression using fixed ring, front-loading 

oedometers (Head, 1988) and the results were used to estimate parameter values of the 

Brain et al. (2011, 2012) framework describing changes in volume in response to changes 

in vertical effective stress. We measured organic content by loss-on-ignition (LOI) and 

bulk density at 2-cm intervals down core for the entire length of the shortest (247 cm) and 

longest (863 cm) cores from the Leeds Point transect. For LOI analysis, we dried the 

samples in an oven and ignited the samples in a muffle furnace following the methods of 

Plater et al. (2015). Using relationships between compression properties and measured 

LOI, we calibrated the decompaction model to predict how the sediment in the core 

compacted. We compared measured and model-derived estimates of down core dry bulk 

density to assess the predictive capacity of the model.  
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The model provided depth-specific estimates of post-depositional lowering (PDL) (±1 

standard deviation) at 2 cm intervals. For samples from the shortest and longest cores, the 

samples were corrected for compaction by adding the PDL estimate at the depth of the 

sample to the measured sample altitude relative to MTL. Due to the comparable 

stratigraphy along the basal core transect, for the remaining 12 cores, an error was added 

to each sea-level index point using the PDL estimates from the longest core to represent 

the maximum potential PDL that each basal index point could have undergone. 

 

3.6. Tidal Range Change 

Tidal amplitudes can change through time due to astronomical forcing, ocean depth, 

density stratification, and coastal configuration (e.g. Griffiths and Hill, 2015). As tidal 

amplitudes are used in sea-level reconstructions, tidal changes must be accounted for 

through time. For example, if tidal range was greater in the past, the PME would be greater 

and, consequently RSL would be lower, resulting in an underestimation of past sea-level 

change. We used a numerical paleotidal model following the methods of Horton et al. 

(2013) that predicts paleotidal data for New Jersey using a nested modeling approach (Hill 

et al., 2011; Hall et al., 2013), to include an error in the RSL data to account for changes 

in tidal amplitudes through time. First, a global tidal model (Griffiths and Peltier, 2008, 

2009) was used to compute tidal amplitudes and phases on an 800 x 800 regular grid. A 

regional model (ADCIRC; Luettich and Westerink, 1991) allows for variable spatial 

resolution with nearshore resolution of 1–2 km to retain coastal embayment and estuary 

features. Hill et al. (2011) validated the model with approximately 250 NOAA tide-gauges 

on the U.S. Atlantic and Gulf coasts and showed very good agreement between 
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observations and model predictions. Depth changes from the ICE-5G GIA model of Peltier 

(2004) were used for paleobathymetries. Tidal amplitudes and phases from analysis of the 

regional model results were converted to tidal data using the harmonic constant datum 

method of Mofjeld et al. (2004).  

 

An error was included in each data point to account for changes in tidal range from the 

time of sample deposition using the data from the paleotidal model. The model was run at 

1 ka intervals, and data were extrapolated for our study site based on nearby model grid 

points. Following Hill et al. (2011), the percentage change in tidal range between present 

and the model runs was used to provide absolute values.  

 

3.7. Reconstructing Relative Sea Level 

We converted the PME estimates from the Bayesian transfer function from SWLI units 

back into meters relative to MTL specific to our study site. The reconstructed RSL of 

sample i, denoted RSLi, is given by: 

 RSLi = Ai - PMEi               [1] 

where Ai and PMEi are the altitude and paleomarsh elevation of sample i, respectively, and 

both values are expressed relative to MTL. Ai was established by subtracting the depth of 

each sample in the core from the measured core-top altitude. PMEi was estimated by the 

BTF with an associated 1σ uncertainty. Each sample also has additional errors specific to 

sea-level research (e.g. Shennan, 1986; Engelhart and Horton, 2012), with total error for 

each sample given by (Shennan and Horton, 2002): 
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Ei = (e1
2 + e2

2 + en
2)1/2               [2] 

These errors include a ±0.05 m high precision surveying error (e.g. Shennan, 1986; 

Gehrels, 1999), a sample thickness error of ±half of sample thickness (e.g. Shennan, 1986), 

an angle of borehole error of ±1% overburden (e.g. Tornqvist e al., 2008), and a ±0.01 error 

for compaction from the Russian hand corer (e.g. Shennan, 1986). In addition, we included 

the sediment compaction error estimated by the geotechnical model and the tidal range 

change error estimated by the paleotidal model. 

 

We used an Errors-In-Variables Integrated Gaussian Process (EIV-IGP) model (Cahill et 

al., 2015), which accounts for the vertical and chronological uncertainties of the RSL data, 

to probabilistically assess past RSL changes and rates of change. Each data point includes 

the sample-specific uncertainties with associated probability distributions. The model also 

has edge effects, where uncertainty at the beginning and end of the record gets larger.  

 

3.8. GIA Models 

We compared the observed RSL changes over the last ~5000 years from our basal peat 

record with GIA models. The models include two components: the ice glaciation-

deglaciation history from the global ICE-6G_C model (Argus et al., 2014; Peltier et al., 

2015) and the viscosity models (e.g. VM5a and 3D viscosity models from Li et al., 2018). 

We used one 1D (VM5a) and nine 3D mantle viscosity models to examine GIA predictions 

at 1000-year intervals over the last 5000 years. The viscosity models are labeled, for 

example, as VM_0.2_0_0.6_L140, VM_0.3_0.25_0.6_L140, and VM_0.3_0.5_0.6_L140 
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(Li et al., 2018) where the first digit indicates the background viscosity in the upper mantle 

(e.g. 0.3x1021 Pas), the second digit represents the lateral heterogeneity scaling factor in 

the upper mantle ranging from 0 to 1 depending on the percentage of lateral viscosity 

variations that are induced by thermal effects, and the third digit represents the lateral 

heterogeneity scaling factor in the lower mantle. The final digit indicates that the model 

includes the laterally heterogeneous lithosphere thickness, where here, 'L140' means the 

maximum lithospheric thickness beneath stable cratonic area is 140 km (Li and Wu, 2018).  

 

4. Results 

4.1. Stratigraphy 

Stratigraphy at the salt-marsh field study site was completed through a transect of 14 

sediment cores collected over a distance of ~500 meters ranging from ~2 meters deep at 

the inland end of the transect to ~9 meters deep at the coastal edge of the marsh (Figure 

1c). The stratigraphy across the transect had a 0.5 to 1-meter basal unit of dark brown 

amorphous organic peat overlying a gray incompressible sand and gravel. There is a very 

uniform gradient in the basal sand contact from a depth of ~2 m in the shortest core which 

deepens towards the coast to a depth of ~9 m. The basal peat unit thins away from the coast 

until it is no longer detectable above ~2 m depth. Above the basal peat is ~1-3 meters of 

dark brown organic-rich sediment that varies in thickness along the transect. The 

stratigraphy of the upper portion of the marsh is a brown minerogenic sediment which 

increases in thickness towards the coast from ~1 m in the shortest core to ~6 m in the 

longest core. 
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4.2. Paleomarsh Elevation 

We chose one basal sample in each of the 14 basal cores, as well as limiting points in 

several cores (Figure 2). The basal samples were located at a depth where foraminifera 

counts were declining, before disappearing altogether as the basal incompressible sand was 

reached. The deepest assemblages of foraminifera in each core were dominated by 

Jadammina macrescens, Milliammina petila, Haplophragmoides spp., and Tiphotrocha 

comprimata. For example, in the shortest core (EF20), the upper portion of the basal peat 

unit was dominated by T. comprimata and Arenoparella mexicana (~85% of the 

assemblage together), but transitioned to an assemblage dominated by J. macrescens and 

M. petila (up to 100% of the assemblage together) with depth until the foraminifera became 

absent altogether below 190 cm. Our basal sample is at a depth of 190 cm where J. 

macrescens and M. petila are the dominant species. Similar foraminifera assemblage trends 

were found in the other basal cores, where the upper portion includes include greater 

abundances of species such as A. mexicana or T. inflata, but are less prevalent with depth. 

The most consistent trend among the basal cores was that J. macrescens and/or M. petila 

were dominant species at the lowest depths where foraminifera were present and were also 

two of the most dominant species in our samples. The δ13C values in each basal core 

became more depleted with depth. The δ13C values at the depth of each sea-level index 

point or the nearest depth where δ13C was measured ranged from -16.2‰ to -26.6‰, which 

are consistent with measurements in high salt marsh environments in New Jersey (Walker 

et al., Chapters 1 and 2). 
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The dominant foraminifera species in our samples are indicative of a high salt marsh 

environment. Maximum abundances of J. macrescens have commonly been found in high 

marsh-upland transition environments (e.g. Scott and Medioli, 1978, 1980; Spencer, 2000; 

Nikitina et al., 2003; Robinson and McBride, 2006; Horton and Culver, 2008; Kemp et al., 

2009). In New Jersey, high marsh assemblages have been dominated by J. macrescens and 

T. comprimata, and Haplophragmoides spp. has been found to be a dominant species in 

high marsh and transitional high marsh-upland environments, often above MHHW (Kemp 

et al., 2012, 2013). Kemp et al. (2013) also found high abundances of M. petila in the lower 

portion of a core from Edwin B. Forsythe National Wildlife Refuge. The high marsh 

species of foraminifera, combined with δ13C values more depleted than -16‰, indicate that 

each sample formed at a high salt marsh environment, which is consistent with the 

reconstructed PME estimates from the Bayesian transfer function. PME estimates for the 

basal samples ranged from 0.58 m MTL to 0.95 m MTL with sample-specific uncertainties 

(1σ) ranging from 0.12 to 0.34 m.  

 

In addition, we also chose nine limiting points from the basal cores. These samples were 

located at depths where foraminifera were absent. For example, in the shortest core (EF20), 

foraminifera are present until a depth of 190 cm and we chose a limiting point at 195 cm. 

The δ13C values at the depth of each limiting point or the nearest depth where δ13C was 

measured ranged from -18.0‰ to -29.1‰, which are consistent with measurements in high 

salt marsh to upland environments in New Jersey (Walker et al., Chapters 1 and 2). The 

absence of foraminifera and the δ13C values more depleted than -18‰ at the depths of our 

limiting points allow us to assign each of these points an indicative range above MHHW. 
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4.3. Chronology 

Each basal core had a set of radiocarbon dates that was used to develop an age-depth model 

for that core (Table 1). Using the individual age-depth models, each of the 23 basal samples 

and limiting points had an associated age estimate, extending back ~4.6 ka BP. The average 

chronological uncertainty of the RSL data points was 81 years (2σ). The youngest point 

was at a depth of 190 cm in the shortest core (EF20) and had an age of 1262 ± 45 cal yr 

BP. The oldest point was at a depth of 830 cm in the longest core (EF5) and had an age of 

4680 ± 146 cal yr BP.  

 

4.4. Compaction  

We used measured LOI and dry bulk density with a geotechnical model to analyze effective 

stress and post-depositional lowering of the shortest (~2.5 m) and longest (~8.5 m) 

sediment cores (Figure 3). Measured LOI for the shortest core (EF20) varied from ~50% 

at the top of the core to ~2% at the base of the core in the basal sand unit. The average LOI 

in the lower ~0.5 m of the core was ~4%, and then increased to an average of 27% in the 

upper 2 m. The longest core (EF5) had a much smaller LOI % at the top of the core of 

~15%, but a slightly higher LOI % at the base of 7% compared to the shortest core. LOI 

was variable in the upper ~8.3 m, ranging from 7% to 49%, before continually decreasing 

to the base. Measured dry bulk density for the shortest core varied from ~0.2 g/cm3 at the 

top of the core to ~2.0 g/cm3 at the base of the core. Similar to LOI, the average dry bulk 

density in the lower ~0.5 m of the core was ~1.6 g/cm3, and then markedly decreased to an 

average 0.3 g/cm3 in the upper 2 m of the core. Measured dry bulk density for the longest 
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core varied from ~0.4 g/cm3 at the top of the core to ~1.4 g/cm3 at the base of the core. 

Similar to LOI, the dry bulk density varied in the upper ~8.3 m from 0.2 g/cm3 to 1.0 g/cm3, 

and then rapidly increased to the base. 

 

The effective stress predicted by the geotechnical model in the shortest core increased with 

depth to 3.3 kPa at 2 m depth before increasing rapidly in the lower 0.5 m of the core to 

6.5 kPa at the base. The longest core had a continually increasing effective stress, reaching 

a maximum of ~23 kPa at the base of the core. Post-depositional lowering estimated by the 

model for the shortest core was 0 m at the surface, increased to a maximum PDL of ~0.01 

m in the middle of the core around 1.3 m depth, and then decreased back to 0 at the base 

of the core. The PDL estimates for the longest core was also 0 m at the surface, but then 

increased to a much larger maximum PDL of ~0.65 m in the middle of the core around 5.5 

m depth, before decreasing back to 0 at the base of the core. The significant PDL in the 

longest core clearly exhibits the influence of sediment compaction within deep sequences 

of salt-marsh sediment, which could influence RSL reconstructed from continuous 

sequences of sediment.  

 

The estimated PDL for samples at 1.95 m and 1.85 m depth in the shortest core were 0.009 

m and 0.01 m, respectively, which were used to correct these two samples for sediment 

compaction. Alternatively, the samples in the longest core at a depth of 8.30 m and 8.11 m 

had a PDL estimate of 0.10 m and 0.15 m, which were used to correct these two samples 

for compaction. To account for sediment compaction of the index points in the other 12 
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cores in which we did not estimate PDL with the geotechnical model, we included the PDL 

estimate from the longest core (0.15 m) as an error to each PME estimate, as this value is 

the largest magnitude PDL we would expect in any shorter core. 

 

4.5. Tidal Range Change 

The Great Diurnal Range (GT) is the difference between mean higher high water and mean 

lower low water (NOAA, 2000) and in New Jersey, the GT is microtidal (<2 m). Paleotidal 

modeling indicates that the GT was 24% greater in the past, reaching ~0.24 m higher at 5 

ka compared to present. The maximum increase in tidal range for our samples is ~0.22 m 

at ~4.6 ka. An error was included for each sample to account for differences in tidal range 

at the time of sample deposition.  

 

4.6 Reconstructing Relative Sea Level 

We produced 14 basal sea-level index points and 9 limiting points from southern New 

Jersey from 1262 ± 45 cal yr BP to 4680 ± 146 cal yr BP (Figure 5). The calculation of 

RSL and age, including errors, was as follows (using an example with the sample at a depth 

of 190 cm in the shortest core, EF20):  

RSL = (-1.31 maltitude + 0.01 mpost-depositional lowering) – 0.776 mpaleomarsh elevation 

Where paleomarsh elevation was estimated from the Bayesian transfer function 

         = -2.08 m 

Error = Ʃ(0.21 m2
PME error + 0.005 m2

thickness + 0.05 m2
leveling + 0.01 m2

sampling  
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+ 0.02 m2
borehole + 0.05 m2

tidal range)1/2 

          = ± 0.30 m 

Age = 1262 ± 45cal yr BP (2σ range)  

 

We applied our index points to the EIV-IGP model to examine past RSL and rates of 

change (Figure 6). RSL rose continuously by an approximate magnitude of 6.4 m, from -

8.5 m (95% confidence interval of -9.4 m to -7.6 m) at 4.6 ka BP to -2.1 m (95% confidence 

interval of -2.8 m to -1.4 m) at 1.2 ka BP. The average rate of rise over this period was 1.9 

± 0.3 mm/yr (1σ).  

 

5. Discussion 

5.1. Relative Sea Level 

RSL has risen along the entire U.S. Atlantic coast during the late Holocene at differing 

rates due to spatially variable GIA-induced subsidence and other processes (e.g. 

oceanographic effects). Late Holocene RSL rise in New Jersey has been dominated by GIA 

due to New Jersey’s close proximity to the former Laurentide Ice Sheet margin (e.g. 

Engelhart et al., 2009; Roy and Peltier, 2015; Love et al., 2016). Our southern New Jersey 

record shows continuously rising sea level through the late Holocene. Previous studies 

from New Jersey also show continuous RSL rise of similar magnitude (~8 m) during the 

last 4 ka (e.g. Daddario, 1961; Bloom, 1967; Psuty, 1986; Miller et al., 2009; Engelhart 

and Horton, 2012). For example, Psuty (1986) examined sea-level trends using radiocarbon 

dates from sediment cores around Great Bay and elsewhere in New Jersey and found rising 
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RSL from at least 7700 years BP to present, with a rapid rate of rise beginning before 7000 

years BP, followed by a decrease in rates 2000-2500 years BP. We found an average rate 

of rise of 1.9 ± 0.3 mm/yr at our study site over the last ~4.6 ka, which is also comparable 

to previous findings over the late Holocene. Miller et al. (2009) reconstructed RSL in New 

Jersey over the last 5000 years and found a similar relatively constant rise of 1.8 mm/yr 

from -5000 to 500 yr BP, while Miller et al. (2013) found a rise of 1.6 ± 0.1 mm/yr from 

2.2 to 1.2 ka. Horton et al. (2013) used a sea-level database for New Jersey and, after 

accounting for compaction and change in tidal range, found that RSL in New Jersey rose 

at an average rate of 4 mm/year from 10-6 ka, 2 mm/year from 6-2 ka, and 1.3 mm/year 

from 2 ka to 1900 CE. Kemp et al. (2013) reconstructed RSL over the last 2500 years at 

Edwin B. Forsythe National Wildlife Refuge and, after correcting for land-level change 

(1.4 mm/year), found falling sea level of 0.11 mm/year from -500 to 250 CE and rising sea 

level of 0.62 mm/year from 250 CE to 733 CE.  

 

Although GIA is the dominant cause of RSL rise in New Jersey during the late Holocene, 

there are also eustatic, regional, and local contributions to consider that could contribute to 

the RSL changes we observe. For example, the late Holocene ice melt history has not been 

resolved (e.g. Gehrels, 2009; Alley et al., 2010). The Greenland Ice Sheet (Sparrenbom et 

al., 2006; Mikkelsen et al., 2008; Long et al., 2012; Marcott et al., 2013) and small glaciers 

(Jansen et al., 2007) were growing in the late Holocene, so any late Holocene ice melt must 

be due to Antarctica. Peltier (2002) argued that there was no ice melt after 4 ka, while 

Lambeck and Bard (2000) found a small (<0.5 m) component of ice-equivalent sea-level 

rise during the last 4 ka, and Lambeck (1988) argued that the Antarctic Ice Sheet was 
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contributing to sea-level rise as late as 2 ka ago. These model-based estimates are difficult 

to constrain as they rely on a small subset of global geological sea-level observations, and 

there are regional misfits between model output and observations (Gehrels, 2009). More 

recently, Lambeck et al. (2014) used ∼1,000 observations from locations far from former 

ice margins and found a decline in the rate of sea-level rise from 6.7 ka with a rise of ≤1 m 

from 4.2 ka to time of recent sea-level rise ~100-150 years ago. Additionally, in this time 

period, there was no evidence for oscillations in global mean sea level >15-20 cm on time 

scales of ~200 years. 

 

Regionally, tectonics do not contribute measurably to RSL on Kyr timescales because New 

Jersey has been a tectonically stable, passive continental margin through the Holocene (e.g. 

Field and Duane, 1976; Sykes et al., 2008). Here, we accounted for sediment compaction 

and included an error, which was minimal since we utilized basal peat samples. 

Additionally, we accounted for tidal range change, which is also small (~0.24 m) compared 

to the >20 m of RSL rise observed during the Holocene in New Jersey (e.g. Horton et al., 

2013). Coastal plain locations like New Jersey have experienced higher rates of RSL rise 

than bedrock locations due to the natural compaction of unconsolidated coastal plain 

Holocene sediments (e.g. Miller et al., 2013; Johnson et al., 2018). Due to coastal plain 

subsidence, these locations have rates of RSL rise 0.3-1.3 mm/yr higher than at bedrock 

locations (e.g. Miller et al., 2013). Ocean mass changes from atmospheric circulation and 

prevailing winds and ocean currents can also cause regional sea-level changes (Kemp et 

al., 2018). For example, meridional ocean circulation can cause sea-level changes along 

the Atlantic coast (e.g. Levermann et al., 2005; Ezer, 2016). 
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5.2. Comparison with GIA Models 

We compare our basal RSL record with a suite of GIA models (Figure 7). The ice model 

ICE-6G_C is used with one 1D and nine 3D viscosity models. ICE-6G_C was first released 

with the VM5a viscosity model, which is the 1D viscosity model used here. Although more 

recent viscosity models have been developed (VM6, VM7; Roy and Peltier, 2017), VM6 

has been shown to have a significant misfit to the totality of the available space-geodetic 

observations (Roy and Peltier, 2017), and the ICE-7G_NA (VM7) model cannot be 

adopted with ice model ICE-6G_C directly.  

 

None of the GIA models fit the complete observed RSL trend in the late Holocene. Most 

of the GIA models appear to overestimate the magnitude of sea-level rise over the last 5 

ka. While the EIV-IGP model predicts a rise of ~8 m over this time period, the GIA models 

predict up to ~15 m of rise. Two models match the overall magnitude of sea-level change 

the best: VM_0.2_0.25_0.6_L140 and VM_0.2_0.5_0.6_L140 with magnitudes of ~8.5 

and ~8.9 m, respectively. These two models have a lower background viscosity in the upper 

mantle (e.g. 0.2x1021 Pas), as well as a lower lateral heterogeneity scaling factor in the 

upper mantle.  

 

We can examine individual time steps to compare the EIV-IGP model results with the GIA 

model predictions. At 4 ka, the EIV-IGP model predicts RSL at -6.9 m. Models 

VM_0.2_0_0.6_L140 and VM_0.2_0.75_0.6_L140 have predictions of -6.5 m and -7.4, 
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respectively. At 3 ka, the EIV-IGP model predicts RSL at -5 m and models 

VM_0.3_0.05_0.6_L140 and VM_0.3_0.25_0.6_L140 predict -5.1 m and -4.9 m. Finally, 

at 2 ka, EIV-IGP predicts -3.5 m and VM_0.2_1_0.6_L140 predicts -3.5 m and 

VM5a/VM_0.5_0_0 predicts -3.7 m. Therefore, earlier in the RSL record around 4 ka, the 

viscosity models with a lower background viscosity in the upper mantle (e.g. 0.2x1021 Pas) 

have a better fit to the data, while in the middle of the record around 3 ka, the models with 

a higher background viscosity in the upper mantle (e.g. 0.3x1021 Pas) have a better fit to 

the data. However, later in the record around 2 ka, a model with a lower background 

viscosity in the upper mantle (e.g. 0.2x1021 Pas) has the best fit. Engelhart et al. (2011) 

found that an upper mantle viscosity of 0.25x1021 Pas (VM5b) removed discrepancies 

between RSL observations and GIA predictions along the U.S. mid-Atlantic. 

 

The 3D viscosity models appear to have an overall improved fit compared to the 1D model. 

The 1D model largely overestimated the magnitude of RSL change in the late Holocene 

and plots below almost of the RSL index points. Only one 3D model has a similar lack of 

fit to the data: VM_0.3_0.75_0.6_L140, which has the largest viscosity parameters (highest 

background viscosity in the upper mantle and largest lateral heterogeneity scaling factor in 

the upper mantle) of all the 3D models used here. Therefore, 3D viscosity models improve 

the fit with RSL data; however, the viscosity parameters are important to further refine the 

model. Further, Love et al. (2016) used 35 North American ice complex model 

reconstructions (here we only used 1 ice model) and 363 different viscosity models to more 

precisely fit the GIA models to site-specific RSL data on the North American coastline, 
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suggesting the importance of using a wide array of ice and viscosity models to 

appropriately fit observed RSL data at a particular location. 

 

6. Conclusion  

Glacial isostatic adjustment (GIA) is a significant contributor to late Holocene relative sea-

level (RSL) change in the U.S. mid-Atlantic region, including New Jersey, due to its 

proximity to the margin of the former Laurentide Ice Sheet. Accurate high resolution RSL 

reconstructions are needed to validate GIA models on the U.S. mid-Atlantic coast. Here, 

we produced a new high resolution late Holocene RSL reconstruction from a salt marsh in 

southern New Jersey, a region that experienced maximum rates of RSL rise due to the 

collapsing peripheral forebulge at the former ice margin. We accounted for sediment 

compaction by using samples from basal peat units, and used a geotechnical model to 

incorporate an error for the minimal compaction from a basal peat layer overlying an 

incompressible substrate. We also accounted for tidal range change by using a paleotidal 

model and included an error in each data point for past changes in tidal datums. A Bayesian 

transfer function using salt-marsh foraminifera assemblages and bulk sediment stable 

carbon isotope geochemistry was used to estimate the paleomarsh elevation at which each 

sample was formed. Each sample was provided an age through high precision Accelerator 

Mass Spectrometry (AMS) radiocarbon dating and an age-depth model. We found that 

RSL rose continuously through the late Holocene by an approximate magnitude of 6.4 m 

from 4.6 ka BP to 1.2 ka BP at an average rate of 1.9 ± 0.3 mm/yr.  
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GIA models have improved with the combination of global ice sheet reconstructions, 

regional ice models, and mantle viscosity models. The misfit between GIA predictions and 

RSL observations has demonstrated the need for models such as 3D laterally heterogeneous 

mantle viscosity models to introduce lateral viscosity variations. We compared our new 

RSL record from southern New Jersey to an ensemble of site-specific 1D and 3D mantle 

viscosity models. The models use the ice glaciation-deglaciation history from the global 

ICE-6G_C model. We examined GIA predictions at 1000 year intervals over the last 5000 

years and found a misfit between model predictions and RSL observations. The 3D models 

are an improvement over the 1D model, but the remaining misfits suggest the importance 

of utilizing a wide array of ice model and viscosity model parameters to find a better fit 

between site-specific GIA predictions and RSL observations.  
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Tables and Figures 
 

Table 1. Reported radiocarbon ages and uncertainties from Edwin B. Forsythe National 

Wildlife Refuge cores with calibrated ages using the IntCal13 dataset. OS samples 

analyzed by NOSAMS; Beta samples analyzed by Beta Analytic. 

 

Core Depth (cm)  Lab Sample ID Radiocarbon Age (14C years) Radiocarbon Error (14C years) Calibrated Age (cal yrs. BP; 2 sigma range)

EF20 170 OS-135969  1050 15 930-972

EF20 175 OS-135970  1060 20 929-1048

EF20 177 Beta-516335 980 30 796-956

EF20 185 OS-135371  1310 15 1186-1288

EF20 195 OS-135971  1400 20 1289-1338

EF18 216 Beta-516340 1540 30 1365-1524

EF18 220 OS-138254  1610 20 1415-1554

EF18 226 OS-138258  1600 20 1414-1544

EF18 235 OS-138362  1640 25 1418-1610

EF17 227 OS-138057  1070 45 915-1168

EF17 238 Beta-516336 1610 30 1415-1554

EF17 251 OS-138252  1700 20 1552-1692

EF17 260 Beta-516337 1660 30 1422-1689

EF17 269 OS-138253  1770 20 1612-1736

EF16 281 OS-138361  1720 20 1563-1697

EF16 298 OS-138251  1880 20 1737-1878

EF16 307 Beta-516334 1790 30 1620-1817

EF16 314 OS-135372  2930 25 2993-3165

EF16 322 OS-138079  1840 15 1721-1821

EF15 349 OS-137895  1970 20 1876-1986

EF15 364 OS-137938  2240 20 2158-2332

EF15 368 Beta-516341 2310 30 2185-2359

EF15 374 OS-137939  2240 20 2158-2332

EF15 384 OS-137940  2190 30 2128-2310

EF13 384 OS-137945  2330 20 2330-2357

EF13 396 OS-138148  2240 25 2156-2336

EF13 411 OS-138074  2360 20 2340-2433

EF13 428 OS-138075  2530 20 2501-2742

EF13 446 OS-138076  2600 15 2735-2756

EF12 432 OS-137898  2460 20 2379-2705

EF12 454 OS-137896  2520 25 2494-2741

EF12 463 Beta-516324 2680 30 2751-2845

EF12 466 OS-137897  2850 20 2879-3055

EF12 492 OS-137899  2910 25 2963-3155

EF7 478 OS-137784  3350 25 3485-3684

EF7 486 Beta-516338 2850 30 2876-3059

EF7 500 OS-137785  3060 20 3212-3348

EF7 504 Beta-516339 2910 30 2961-3157

EF7 514 OS-137786  2990 20 3077-3228

EF7 545 OS-137787  3020 20 3158-3330

EF10 523 Beta-516333 2900 30 2953-3156

EF10 531 OS-137788  2950 20 3007-3174

EF10 544 OS-137789  2960 25 3008-3210

EF10 555 OS-137791  3050 15 3185-3341

EF10 570 OS-137790  3090 20 3241-3364

EF11 582 OS-138359  3040 30 3165-3345

EF11 609 OS-138077  3250 20 3403-3558

EF11 625 OS-138360  3550 30 3721-3956

EF11 633 Beta-516330 3490 30 3649-3842

EF11 645 OS-138078  3540 25 3722-3896

EF9 609 Beta-516331 3060 30 3181-3359

EF9 649 OS-135374  3320 25 3476-3630

EF9 657 Beta-516332 3640 30 3869-4081

EF9 666 OS-138168  3720 25 3984-4147

EF9 679 OS-138169  3580 20 3834-3961

EF14 688 Beta-516329 3700 30 3930-4147

EF14 695 OS-138162  3630 20 3877-4062

EF14 712 OS-138163  3810 20 4098-4282

EF14 732 OS-138164  3860 25 4160-4409

EF14 746 OS-138165  3870 25 4183-4412

EF14 765 OS-138166  3910 25 4254-4420

EF8 746 Beta-516325 3790 30 4084-4285

EF8 763 OS-137941  3850 20 4157-4405

EF8 775 OS-137942  3950 25 4296-4515

EF8 794 OS-137943  4060 25 4439-4784

EF8 805 OS-137944  4150 25 4582-4823

EF5 800 OS-137900  3820 25 4097-4348

EF5 811 Beta-516328 3800 30 4088-4287

EF5 824 OS-135375  4100 25 4523-4808

EF5 830 OS-137901  4070 35 4438-4805
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Figure 1. (A) Location of Leeds Point at Edwin B. Forsythe National Wildlife Refuge in 

southern New Jersey off of Great Bay. (B) Salt-marsh study site showing basal core 

transect location. (C) Stratigraphy at salt-marsh study site with location of sediment cores 

and sampled basal unit of each core. 
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Figure 2. Foraminifera and δ13C in the 14 basal sediment cores from Edwin B. Forsythe 

National Wildlife Refuge. Only the six most abundant foraminifera species are shown here. 

Red dashed lines indicate depth and calibrated radiocarbon ages of sea-level index points 

and limiting points. 
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Figure 3. Estimation of post-depositional lowering caused by sediment compaction. (A) 

Measured and modeled loss-on-ignition and dry bulk density and modeled effective stress 

and post-depositional lowering predicted by the geotechnical model for the shortest 

sediment core (EF20). Black dashed lines indicate depth of samples. (B) Measured and 

modeled loss-on-ignition and dry bulk density and modeled effective stress and post-

depositional lowering predicted by the geotechnical model for the longest sediment core 

(EF5). Black dashed lines indicate depth of samples. 
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Figure 4. Tidal range change during the late Holocene from the paleotidal model with 

samples used in this study. 
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Figure 5. Late Holocene sea level index points and limiting points for southern New 

Jersey. Index points are plotted as boxes with 2σ vertical and calibrated age errors. 
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Figure 6. Basal index points applied to the Errors-In-Variables Integrated Gaussian 

Process model to examine the RSL change and rates of change through the late Holocene. 
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Figure 7. Basal index points and limiting points with 10 GIA model predictions (one 1D 

model and 9 3D models) over the last 5 ka BP. 
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Conclusions 

In this dissertation, I examined sea-level proxies, timing of rates of change of sea-

level rise, and mechanisms contributing to sea-level change in New Jersey during the late 

Holocene.  

In Chapter 1, I examined temporal and spatial variability of salt-marsh foraminifera 

and showed that even when incorporating variability of modern foraminiferal distributions 

into a Bayesian transfer function, foraminifera-based RSL reconstructions from high marsh 

environments remain robust and reproducible. Variability of foraminifera distributions can 

be included in the transfer function for future RSL reconstructions where modern 

foraminifera assemblages are comparable. 

In Chapter 2, I produced a new RSL record in northern New Jersey and estimated 

the timing of the onset of modern elevated rates of sea-level rise. The global onset of 

modern rates of sea-level rise occurs in ~1870 CE. The timing of modern elevated rates of 

RSL rise at nineteen sites in the North Atlantic reveals asynchronous timing with a distinct 

spatial pattern where the onset appears muted and later along the European coast compared 

to the North American coast.  

In Chapter 3, I produced a new late Holocene RSL record in southern New Jersey, 

accounting for sediment compaction and tidal range change. I found that RSL rose 

continuously through the late Holocene by an approximate magnitude of 6.1 m from 4.5 

ka BP to 1.3 ka BP at an average rate of 1.9 ± 0.6 mm/yr, but there is a misfit between these 

observations and predictions from site-specific 1D and 3D GIA models, although the 3D 

models are an improvement over the 1D model. Further testing is needed with a larger 
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selection of ice models and 3D viscosity model parameters to provide a better fit between 

GIA model predictions and RSL observations. 

Here, I also describe several aspects of my thesis that did not work to highlight the 

fact that research does not always go as planned. For example, in Chapter 2, at Cheesequake 

State Park, I originally tried to do a basal peat study as deep sequences of basal peat had 

been identified in the marshes previously. However, after extensive coring there, I found 

only isolated sections of basal peats located beneath thick sections of clays, which made 

the site unsuitable for a basal peat study. Additionally, the RSL record I did produce from 

Cheesequake State Park was expected to be a complete 2000-year long Common Era 

record. I radiocarbon dated the core and obtained dates extending back 2000 years, but 

found a plateau in the radiocarbon dates around 1000 years BP. Therefore, I was only able 

to produce a 1000-year long RSL record. 

In Chapter 3, the original objective was to use a new method of RSL reconstruction 

involving three sea-level proxies (foraminifera, testate amoebae, and stable carbon isotope 

geochemistry) in the basal peat units. While the foraminifera and geochemistry proxies 

worked as expected, the testate amoebae were nearly completely absent from the basal 

cores, perhaps due to preservation issues. Therefore, I was not able to use testate amoebae 

as an additional indicator of environmental deposition as expected. In addition, I planned 

to produce short RSL reconstructions (using the Bayesian transfer function with 

foraminifera and geochemistry) for each basal core and stack them into one continuous 

record to obtain a higher resolution late Holocene record. However, there is not a suitable 

existing method for stacking individual age depth models from basal cores along a ~500 
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km transect, which led me to using only one individual sample from each basal core for 

the reconstruction. 

The results of my thesis lead to potential areas of future work. Specifically, for 

Chapter 2, further investigation of ocean dynamic processes such as AMOC changes and 

Gulf Stream shifts could improve understanding of the mechanisms driving the 

asynchronous timing of the onset of elevated rates of sea-level rise. Alternative potential 

mechanisms should also be explored, such as local factors contributing to earlier elevated 

rates at specific sites. The variability in timing could be compared to observational data or 

models of oceanographic processes to examine similar spatial patterns. Additionally, for 

Chapter 3, each basal core has a chronology and foraminifera and geochemistry data, 

allowing for the potential of producing short RSL reconstructions for each core and 

stacking them. A suitable method would need to be developed to stack age depth models 

from separate cores along a transect, which could lead to an even higher resolution late 

Holocene RSL reconstruction to examine magnitudes and rates of change. 


