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a b s t r a c t

Several processes contributing to coastal relative sea-level (RSL) change in the North Atlantic Ocean are
observed and/or predicted to have distinctive spatial expressions that vary by latitude. To expand the
latitudinal range of RSL records spanning the past ~3000 years and the likelihood of recognizing the
characteristic fingerprints of these processes, we reconstructed RSL at two sites (Big River and Placentia)
in Newfoundland from salt-marsh sediment. Bayesian transfer functions established the height of former
sea level from preserved assemblages of foraminifera and testate amoebae. Age-depth models con-
strained by radiocarbon dates and chronohorizons estimated the timing of sediment deposition. During
the past ~3000 years, RSL rose by ~3.0m at Big River and by ~1.5m at Placentia. A locally calibrated
geotechnical model showed that post-depositional lowering through sediment compaction was minimal.
To isolate and quantify contributions to RSL from global, regional linear, regional non-linear, and local-
scale processes, we decomposed the new reconstructions (and those in an expanded, global database)
using a spatio-temporal statistical model. The global component confirms that 20th century sea-level
rise occurred at the fastest, century-scale rate in over 3000 years (P> 0.999). Distinguishing the con-
tributions from local and regional non-linear processes is made challenging by a sparse network of re-
constructions. However, only a small contribution from local-scale processes is necessary to reconcile RSL
reconstructions and modeled RSL trends. We identified three latitudinally-organized groups of sites that
share coherent regional non-linear trends and indicate that dynamic redistribution of ocean mass by
currents and/or winds was likely an important driver of sea-level change in the North Atlantic Ocean
during the past ~3000 years.

© 2018 Elsevier Ltd. All rights reserved.
p).
1. Introduction

Relative sea level (RSL) varies across space and through time in
response to physical processes acting on a range of spatial and
temporal scales. During the ~3000 years preceding the onset of
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historic sea-level rise in the late 19th century, global mean sea-level
change was on the order of ±0.1m (e.g., Kopp et al., 2016; Lambeck
et al., 2014) and the primary driver of RSL change along the Atlantic
coast of North America was glacio-isostatic adjustment (GIA),
which varies regionally and is approximately linear over this time
period (e.g., Peltier, 1996). While the magnitude and spatial pattern
of global mean sea level and GIA during the past ~3000 years are
relatively well understood and constrained, there remains consid-
erable uncertainty in the contributions from regional-scale pro-
cesses such as the dynamic redistribution of existing ocean mass by
atmospheric and ocean circulation on timescales from years to
centuries (e.g., Ezer, 2015; Levermann et al., 2005; McCarthy et al.,
2015; Piecuch et al., 2016; Woodworth et al., 2017) and the
changing mass and distribution of land-based ice (e.g., Mitrovica
et al., 2009). These dynamic processes are non-linear during the
past ~3000 years and identifying their contributions to RSL change
is important for two reasons. Firstly, they will be important mod-
ulators of future global sea-level rise and therefore regional-scale
RSL projections will be improved through better understanding of
these processes (Church et al., 2013). Secondly, if the contribution
from regional-scale processes can be isolated, then RSL re-
constructions can provide insight into paleoclimate trends and
events (e.g., phasing of the North Atlantic Oscillation, or strength of
Atlantic Meridional Overturning Circulation) on centennial time-
scales that are often poorly resolved in marine sedimentary ar-
chives due to low sedimentation rates and uncertainty introduced
by marine reservoir corrections applied in the calibration of
radiocarbon ages (e.g., Keigwin and Boyle, 2000). However, sepa-
rating regional, centennial-scale contributions to RSL change from
those caused by local processes such as sediment compaction using
a sparse spatial network of RSL reconstructions is challenging.

Buried salt-marsh sediment is one of the principal sources of
geological evidence for RSL changes that occurred during the past
~3000 years (e.g., Gehrels et al., 2005; Thomas and Varekamp,
1991). Salt-marsh plants and foraminifera are sea-level proxies
because their vertical distribution is controlled by the frequency
and duration of tidal flooding, which is correlated strongly with
elevation (e.g., Edwards andWright, 2015; Scott andMedioli, 1978).
In response to RSL rise, salt-marshes accumulate sediment
(including abundant plant remains that are well suited to radio-
carbon dating) to maintain their position in the tidal frame and the
resulting sequences of salt-marsh sediment become archives from
which RSL can be reconstructed (e.g., Redfield, 1972). On the
Atlantic coast of North America, the long-term RSL rise needed to
create accommodation space is caused by ongoing GIA. Earth-ice
models predict that the hinge line between regions experiencing
GIA-driven RSL rise/fall during the past ~3000 years occurs close to
the Gulf of St. Lawrence (Fig. 1; e.g., Peltier, 2004). Therefore,
Newfoundland is one of the most northerly regions that is likely to
preserve a detailed salt-marsh record of RSL changes, which makes
it an important location for investigating regional, non-linear
drivers of paleo-RSL because many of these processes vary with
latitude.

To expand the latitudinal range of RSL reconstructions that span
the past ~3000 years along the Atlantic coast of North America, we
reconstructed RSL at two sites (Big River and Placentia) in
Newfoundland, Canada (Fig. 1) using foraminifera and testate
amoebae preserved in cores of salt-marsh sediment that we dated
using radiocarbon and recognition of pollution markers of known
age. Prior to this study, similar and near-continuous RSL re-
constructions were available from northeastern Florida to Nova
Scotia and the Magdalen Islands (Fig. 1A). We use these new re-
constructions alongside published datasets to explore the role of
global, regional linear, regional non-linear, and local processes as
drivers of sea-level change during the past ~3000 years by
decomposing RSL reconstructions using a spatio-temporal statis-
tical model. We further quantify the role of post-depositional
lowering through sediment compaction (a local-scale process) by
calibrating and applying a geotechnical model to the Big River core.

2. Study area

The number and area of salt marshes in Newfoundland is small
compared to other parts of Atlantic Canada and New England
(Roberts and Robertson, 1986). The sediment preserved beneath
many of Newfoundland's salt marshes was described by previous
research (Bell et al., 2005; Brookes et al., 1985; Daly, 2002; Daly
et al., 2007; Wright and van de Plassche, 2001). Based on this
body of literature and an extensive coring program in the late
1990s, we selected Big River and Placentia (~430 km apart, in
western and eastern Newfoundland, respectively; Fig. 1) as sites at
which to develop RSL reconstructions because they had sequences
of high salt-marsh peat that we anticipated (from experience and
exisiting publications; e.g., Gehrels et al., 2005; Kemp et al., 2017a)
would yield near-continuous and precise records of RSL change
during the past ~3000 years. Reconstructing RSL at sites in western
and eastern Newfoundland provides a sampling regime to better
distinguish regional- and local-scale processes.

Big River is located on the Port-au-Port Peninsula, and the salt
marsh occupies a small, incised valley that is protected by a beach
barrier/spit at its mouth (Fig. 1BeD). An adjacent salt marsh (Hynes
Brook, ~1 km away) shares a similar geomorphology. Big River and
Hynes Brook have a low salt-marsh floral community of Spartina
alterniflora (tall form) and a mixed high salt-marsh plant commu-
nity comprising variable combinations of Iris versicolor, Schoeno-
plectus spp., Spartina patens, Distichlis spicata, Plantago maritima,
Triglochin maritima, Glyceria borealis, Glaux maritima, Agrostis sto-
lonifera, and Spartina alterniflora (short form). Although these
species are frequently intermixed, some mono-specific stands are
present. The great diurnal tidal range (mean lower low water,
MLLW to mean higher high water, MHHW) at Big River and Hynes
Brook is 1.06m. Up to ~3m of salt-marsh peat underlies the Big
River site (Wright and van de Plassche, 2001) and previous work at
Hynes Brook demonstrated that salt-marsh sediment at this depth
is ~3000 years old (Bell et al., 2005; Brookes et al., 1985; Daly, 2002;
Daly et al., 2007).

Placentia is located on the Avalon Peninsula (Fig. 1E and F). It is
indirectly connected to the ocean because the “South Arm” is closed
by a gravel barrier, meaning that marine water currently reaches
the site circuitously having entered through the open “North Arm”.
This geomorphology results in a great diurnal tidal range of 0.91m,
compared to 1.60m at the nearby (~8 km) Argentia tide gauge that
is situated on the open coast. Themodern salt marsh and sequences
of Holocene organic sediment lie on top of a gravel barrier system
(Forbes et al., 1995). The low, gravel barrier directly in front of the
salt marsh is submerged at high tide. Low salt-marsh environments
are absent at the site, although isolated stands of Spartina alterni-
flora (tall form) are present and rooted in gravel rather than fine-
grained sediment. The high salt-marsh is a diverse, peat-forming
community that includes Distichlis spicata, Spartina patens, Juncus
geradii, Potentilla sp., Plantago maritima, Glaux maritima, and Carex
glareosa. These plants are frequently intermixed in the high salt-
marsh zone, although some mono-specific stands are present.
The upland edge of the salt marsh is marked by a near-vertical slope
of weathered bedrock that is sparsely vegetated. Daly (2002)
described the sediment underlying the Placentia site and noted
that there was typically less than ~0.5m of peat except in one small
area where up to ~1.3m of peat was present (Fig. 1HeJ). Radio-
carbon dates from Forbes et al. (1995) and Daly et al. (2007) indicate
that the bottom of this peat sequence is ~2000 years old. Daly



Fig. 1. (A) Location of study sites in Newfoundland, Canada and existing, high-resolution relative sea-level reconstructions from the Atlantic coast of North America. Dashed line
marks the approximate hinge line separating locations experiencing recent uplift/subsidence (RSL fall/rise) caused by glacio-isostatic adjustment. Location of the Port-aux-Basques
and Argentia tide gauges are shown. (BeF) Site maps showing locations of coring transects and surface transects that provided samples to characterize the modern distribution of
foraminifera, testate amoebae (Kemp et al., 2017c; Wright et al., 2011), and the geotechnical properties of modern sediment (this study). (GeJ) Simplified stratigraphy beneath the
salt marshes at Big River and Placentia. At Big River, core F25 was selected for detailed analysis. At Placentia, core 106 was selected for detailed analysis.
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(2002) interpreted the stratigraphy at Placentia as including a unit
of freshwater peat between two units of salt-marsh peat. Although
the possible presence of freshwater peat makes the stratigraphy
sub-optimal for reconstructing RSL because it would cause a tem-
poral gap in any reconstruction, we chose to work at Placentia
because of the scarcity of alternative sites in eastern Newfoundland
and our goal of identifying regional-scale RSL trends was best met
by having a spatial network of reconstructions available for
analysis.

3. Methods

3.1. Coring and sample elevations

We used hand-driven cores positioned along transects to
describe the sediment beneath the Big River and Placentia salt
marshes (Fig. 1). The positioning of these transects was guided by
previous stratigraphic investigations of both sites (Daly et al., 2007;
Wright and van de Plassche, 2001). A core from each site was
selected for detailed analysis based on the likelihood that it would
produce a near-continuous reconstruction of RSL change. At Big
River, core F25 was chosen because it is representative of the
stratigraphy at the site and included the thickest unit of high salt-
marsh that was not underlain by an amorphous organic unit
(Fig. 1G), which in our experience can have a relationship to sea
level that is difficult to reconstruct (e.g., Kemp et al., 2012b).
Different criteria were employed at Placentia, where we selected
core C106 as being the most likely to provide a long and near-
continuous reconstruction because it was located in the relatively
small area of the site where the underlying topography allowed a
relatively thick sequence of sediment to accumulate (Fig. 1HeJ) and
also did not (at least visibly) include the unit of amorphous
(potentially freshwater) organic material. Therefore, C106 is
representative of only of a small part of the stratigraphic record at
Placentia. We recovered each core in overlapping, 50-cm long
sections using an Eijelkamp Russian-type peat sampler. Each sec-
tion was placed in a rigid plastic sleeve, wrapped in plastic, and
kept refrigerated until processing in the laboratory to minimize
desiccation and/or decay.

Core-top elevations were measured in the field by leveling each
core site to a temporary benchmark using a total station. The tidal
elevation of the temporary benchmarks was previously established
by deploying water-level loggers at each site and comparing local
tides to those at nearby tide gauge stations (Kemp et al., 2017c;
Wright et al., 2011). We analyzed observed water levels from 1st
January 1983 to 31st December 2001 from the Port-aux-Basques
and Argentia tide gauges (Fig. 1) and extracted high and low tides
using the “Tides” package (Cox, 2016) for R (R Development Core
Team, 2017). The water-level data was downloaded from the Ca-
nadian Hydrographic Service (Argentia: http://www.isdm-gdsi.gc.
ca/isdm-gdsi/twl-mne/inventory-inventaire/sd-ds-eng.asp?
no¼835&user¼isdm-gdsi&region¼ATL&ref¼maps-cartes. Port-
Aux-Basques: http://www.isdm-gdsi.gc.ca/isdm-gdsi/twl-mne/
inventory-inventaire/sd-ds-eng.asp?no¼665&user¼isdm-
gdsi&region¼ATL&ref¼maps-cartes). From this observation period,
we calculated tidal datums following the definitions used by the
National Oceanic and Atmospheric Administration (NOAA) for the
1983e2001 tidal epoch.

3.2. Dating

The cores from Big River and Placentia were dissected to isolate
individual plant macrofossils found in growth position. Each
macrofossil was identified through comparison with modern
specimens collected in the field and published descriptions (e.g.,
Niering et al., 1977). From this suite of samples, we selected mac-
rofossils for radiocarbon dating based on size, preservation state,
and their distribution throughout each core. The selected samples
were cleaned under a microscope to remove adhered sediment and
ingrowing rootlets, after which they were dried at ~40 �C and
submitted for dating. Samples from Big River were dated at the
Utrecht van der Graaf Laboratorium and samples from Placentia
were dated at the National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) facility. At both laboratories, each sample
underwent acid-base-acid pre-treatment and conversion to a
graphite target. d13C was measured on an aliquot of CO2 collected
during sample combustion. Radiocarbon results (Table 1) from
Utrecht were originally reported without rounding, while those
from NOSAMS were rounded following Stuiver and Polach (1977).
To ensure comparability among sites, we rounded the reported
radiocarbon ages and their uncertainties from the Utrecht labora-
tory prior to any further analysis following the conventions of
Stuiver and Polach (1977). Three samples in the Placentia core were
dated more than once as part of a quality control procedure at
NOSAMS (Table 1). At each depth the replicate measurements were
performed on the same individual plant macrofossil (as opposed to
multiple samples from the same depth) and we therefore created a
pooled mean for these depths using the Calib software (Stuiver
et al., 2017) prior to any further analysis.

Due to a plateau in the calibration curve, radiocarbon dates on
material younger than ~1600 CE often returnmultiple possible ages
and large uncertainty. To develop a chronology with the desired
precision for the past ~400 years, we recognized pollution horizons
of known age in downcore profiles of elemental and isotopic
abundance. 137Cs activity was measured by gamma counting at Yale
University using the methods and instrument described in Hill and
Anisfeld (2015). We used 1-cm thick samples spaced at 2-cm in-
tervals in the topmost parts of the Big River and Placentia cores to
measure elemental abundance and lead-isotope ratios using mass
spectrometry. The samples were oven dried at 40 �C and ground to
a fine, homogenized powder that was analyzed by inductively
coupled plasma mass spectrometry at a commercial laboratory
(SGS Mineral Services).

We generated an age-depth model for each core using Bchron
(Haslett and Parnell, 2008; Parnell et al., 2008). Since we obtained
radiocarbon dates on rhizomes of salt-marsh plants, an uncertainty
and depth correction was added to the Bchron input to reflect that
these macrofossils likely grew at 2 cm ± 2 cm below the paleo
marsh surface that we sought to date. Radiocarbon dates were
calibrated individually by Bchron using the IntCal13 calibration
curve (Reimer et al., 2013). Marker horizons identified in downcore
profiles of elemental abundance, isotopic activity, and isotopic ra-
tios were assumed to have a normally-distributed temporal un-
certainty. We also assigned a thickness uncertainty to each horizon
to reflect that the chronological marker could occur in more than
one sample. From this input, Bchron generated a large suite of
equally-probable accumulation histories that were summarized by
a probability density function to estimate the age of every 1-cm
thick sample in the core with uncertainty. Throughout the text,
chronological uncertainties from Bchron age-depth models are
reported as the 95% credible interval. We also used Bchron to es-
timate annual sediment accumulation with uncertainty (reported
as the 90% credible interval; 5the95th percentiles).

3.3. Foraminifera and testate amoebae

Every other 1-cm thick sample from each core was prepared for
foraminiferal analysis by sieving the sediment under running water
to retain the 63e500 mm fraction, from which we counted a mini-
mum of 100 foraminifera. If fewer than 100 tests were present, then
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Table 1
Reported radiocarbon ages from the Big River (F25) and Placentia (C106) cores.

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

Big River F25 16 76 29 �12.3 UtCe10372 Sp
Big River F25 24 143 41 �12.3 UtCe10373 Sp
Big River F25 32 176 31 �12.8 UtCe10374 Sp
Big River F25 40 125 39 �26.0 UtCe10375 Cr
Big River F25 48 125 35 �26.4 UtCe10376 Cr
Big River F25 54 233 26 �13.2 UtCe10517 Sp
Big River F25 60 286 33 �26.5 UtCe10516 Cr
Big River F25 66 332 34 �26.8 UtCe10515 Cr
Big River F25 74 367 33 �12.7 UtCe10470 Sp
Big River F25 80 415 40 �12.1 UtCe10518 Sp
Big River F25 86 530 34 �13.1 UtCe10519 Sp
Big River F25 94 546 42 �13.6 UtCe10520 Sp
Big River F25 102 263 29 �28.1 UtCe10521 Tm
Big River F25 107 846 38 �26.2 UtCe10522 Cr
Big River F25 108 837 36 �27.8 UtCe10523 Tm
Big River F25 119 1039 38 �13.8 UtCe10524 Sp
Big River F25 125 1012 38 �27.2 UtCe10525 Tm
Big River F25 133 1111 30 �27.1 UtCe10526 Tm
Big River F25 141 1243 39 �12.1 UtCe10527 Sp
Big River F25 149 1323 36 �25.6 UtCe10528 Tm
Big River F25 157 1321 31 �27.7 UtCe10529 Sr
Big River F25 166 1508 31 �27.9 UtCe10471 Sr
Big River F25 174 1643 29 �11.8 UtCe10472 Sp
Big River F25 174 1597 28 �15.0 UtCe10473 Sp
Big River F25 182 1653 29 �12.5 UtCe10474 Sp
Big River F25 189 1684 30 �26.6 UtCe10475 Sp
Big River F25 190 1722 31 �26.2 UtCe10476 Cr
Big River F25 195 1782 29 �13.1 UtCe10477 Sp
Big River F25 203 1842 28 �14.1 UtCe10478 Sp
Big River F25 208 1892 36 �27.8 UtCe10479 Sr
Big River F25 214 1944 30 �26.5 UtCe10480 Cr
Big River F25 220 1909 32 �27.5 UtCe10481 Tm
Big River F25 229 2017 30 �27.2 UtCe10482 Sr
Big River F25 235 2168 31 �26.5 UtCe10483 Tm
Big River F25 245 2234 33 �26.8 UtCe10484 Tm
Big River F25 254 2359 39 �27.7 UtCe10485 Tm
Big River F25 261 2422 35 �28.6 UtCe10486 Sr
Big River F25 267 2492 38 �12.9 UtCe10441 Sr
Big River F25 271 2470 43 �28.5 UtCe10442 Sr
Big River F25 277 2481 38 �26.3 UtCe10502 Tm
Big River F25 285 2578 40 �27.7 UtCe10398 Sr
Big River F25 291 2705 41 �27.5 UtCe10399 Sr
Placentia C106 30 295 20 �25.77 OSe123338 Woody rhizome
Placentia C106 30 155 20 �25.83 OSe123569 Woody rhizome
Placentia C106 30 215 15 �25.45 OSe123880 Woody rhizome
Placentia C106 39 495 15 �28.07 OSe122235 Woody rhizome
Placentia C106 45 565 20 �28.94 OSe123342 Woody rhizome
Placentia C106 45 550 20 �29.07 OSe123570 Woody rhizome
Placentia C106 51 520 15 �28.55 OSe120939 Woody rhizome
Placentia C106 60 605 20 �26.80 OSe122236 Woody rhizome
Placentia C106 64 625 25 �27.92 OSe123341 Woody rhizome
Placentia C106 77 890 20 �27.00 OSe122237 Woody rhizome
Placentia C106 80 1740 20 �24.95 OSe120940 Woody rhizome
Placentia C106 83 950 25 �27.77 OSe123340 Wood fragments
Placentia C106 89 1500 20 �26.27 OSe123339 Wood fragments
Placentia C106 94 1730 20 �26.83 OSe120941 Woody rhizome
Placentia C106 95 1910 20 �13.23 OSe122238 Ds
Placentia C106 102 2060 20 �12.65 OSe122239 Ds
Placentia C106 109 2200 20 �12.84 OSe120942 Ds
Placentia C106 118 2240 20 �25.02 OSe122240 Woody rhizome
Placentia C106 127 2220 20 �13.40 OSe120981 Ds
Placentia C106 132 2330 20 �12.11 OSe123306 Ds
Placentia C106 136 2430 20 �12.44 OSe120982 Ds
Placentia C106 141 2480 20 �23.91 OSe123337 Woody rhizome
Placentia C106 141 2470 20 �24.01 OSe123571 Woody rhizome

Reported radiocarbon ages for samples in the Big River and Placentia cores. Samples identified by the prefix “UtC”were dated at the Utrecht van der Graaf Laboratorium. The
reported radiocarbon ages and errors (1s) from this laboratory were not rounded following the conventions of Stuiver and Polach (1977). Samples identified by the prefix “OS”
were dated at the U.S. National Ocean Sciences Accelerator Mass Spectrometry laboratory and reported ages and (1s) errors were rounded following the conventions of Stuiver
and Polach (1977). Sample d13C values are provided relative to the Pee Dee Belemnite (PDB) standard. Sample depths listed in table include a 2-cm adjustment for dating of
plant remains that lived beneath the paleo salt-marsh surface. In the Placentia core, the samples at depths of 30 cm, 45 cm, and 141 cmwere dated more than once as part of a
quality control procedure at the NOSAMS facility. The ages represented repeated measurements on the same plant sample and we therefore incorporated these dates into the
age-depth model after creating a pooled mean for each of the three depths with replicate radiocarbon measurements. Samples described as woody rhizomes were not
identified to the species level. Sp¼ Spartina patens, Cr ¼ Carex rostrata, Tm¼ Triglochin maritima, Sr ¼ Scirpus robustus, Ds¼Distichlis spicata.
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the entire sample was counted. Taxonomy followed Wright et al.
(2011) and Kemp et al. (2017c); most notably, counts of Jadam-
mina macrescens and Balticammina pesudomacrescens were com-
bined. Since these species often co-exist and have similar
relationships to tidal elevation this decision is unlikely to affect the
resulting RSL reconstruction, but does reduce the likelihood of bias
being introduced by taxonomic inconsistencies among workers.

Following preliminary analysis of the Placentia core, we iden-
tified an interval (~60e16 cm; 1330e1870 CE) with few or no
foraminifera due to their absence or poor preservation. To avoid a
gap in the RSL reconstruction from Placentia, we analyzed testate
amoebae from this interval following Barnett et al. (2013; after
Charman et al., 2000). A subsample of 1 cm3 sediment was com-
bined with a Lycopodium clavatum L. tablet (to calculate concen-
tration; Stockmarr, 1971) in 100ml of deionized water and heated
at 80 �C for 1 h to aid disaggregation. The solution soaked for ~12 h
prior to wet sieving to retain the 15e300 mm fraction. Retained
sediment was mounted on glass slides with a water-glycerol solu-
tion for counting. We aimed to count 100 tests per sample, but
where test-concentration was low (<2000 tests/cm3), a minimum
of 60 tests were counted (e.g., Charman et al., 2010). Identifications
followed the taxonomy of Barnett et al. (2017b), which was
developed for intertidal salt-marsh testate amoebae of the North
Atlantic.
3.4. Compaction

Salt-marsh sediments are prone to compaction (physical
compression and biodegradation) that can cause post-depositional
lowering of samples used to reconstruct RSL (Bloom, 1964; Brain,
2016; Long et al., 2006). Post-depositional lowering results in an
overestimation of the magnitude and rate of reconstructed RSL rise
(e.g., Shennan and Horton, 2002). We estimated post-depositional
lowering of samples in the Big River core using the geotechnical
modeling approach of Brain et al. (2011, 2012, 2015). Post-
depositional lowering was not estimated for the Placentia core
because it is considerably shorter (and therefore less prone to
compaction through physical compression) than the Big River core.
As such, Big River likely represents an upper limit for the contri-
bution from compaction to RSL reconstructions derived from un-
broken sequences of high salt-marsh sediment in Newfoundland.
To provide the empirical data that are necessary to calibrate the
geotechnical model, we collected 11 undisturbed surface sediment
samples from Big River, Hynes Brook, and Placentia, ensuring that
samples were obtained from the range of eco-sedimentary zones
encountered (Fig. 1; Table 2). For each sample we measured (1)
organic content by loss-on-ignition (LOI; three determinations per
sample); (2) specific gravity (Gs) using gas pycnometry (one
Table 2
Physical and geotechnical properties of modern salt-marsh sediment in Newfoundland.

Sample ID Loss-on-ignition, LOI (%) Particle density, Gs Voids ratio at 1 kPa

BRB15/ST06 24.05 2.42 5.69
BRM15/ST09 24.35 2.33 7.57
HBM15/ST02 13.88 2.75 3.23
HBM15/ST05 24.61 2.53 4.96
HBM15/ST06 32.52 2.13 5.52
HBM15/ST07 37.33 2.29 9.82
HBM15/ST09 40.00 2.08 10.08
HBM15/ST011 23.16 2.34 6.37
HBM15/ST013 12.32 2.57 4.15
PAL15/C/ST08 68.28 2.06 12.21
PAL15/B/ST12 81.72 1.98 16.93

The recompression index, Cr, describes the compressibility of the sample in its pre-y
compressibility of the sample its post-yield, increased-compressibility condition. The yiel
determination per sample; Head, 2008); and (3) compression
behavior using automated oedometer testing (Head and Epps,
2011; Rees, 2014). From these measurements we established
empirical relationships between LOI and specific gravity, and be-
tween LOI and the compression properties of modern salt-marsh
sediments. For contiguous, 2-cm thick samples in the Big River
core, we measured LOI and dry bulk density and then used the
empirical relationships established from modern, analogous sedi-
ments to estimate the compression properties of each sample. In
each modeled layer in each model run, we assigned values of the
compressive yield stress, s0y, by sampling from a continuous,
triangular probability distribution, defined by the modal value and
range of s0y observed in surface sediment (Table 2). We applied the
geotechnical model using a Monte Carlo approach (5000 runs) to
estimate depth-specific post-depositional lowering with uncer-
tainty (±1 standard deviation). To assess the predictive capacity of
themodel, we comparedmeasured andmodel-derived estimates of
dry bulk density.
3.5. Reconstructing relative sea level

We reconstructed paleomarsh elevation (the tidal elevation at
which a sample originally accumulated) using two independent
Bayesian transfer functions. The foraminifera-based transfer func-
tion was calibrated using an empirical modern training set of 134
surface sediment samples collected along intertidal transects at Big
River, Hynes Brook, and Placentia (Kemp et al., 2017c; Wright et al.,
2011, Fig. 1). Sample elevations were expressed as a standardized
water level index because great diurnal tidal range varied among
sites. Throughout the manuscript we use F-SWLI in reference to the
standardized water level index used for foraminifera. A value of 100
equates to local mean tide level and a value of 200 is the highest
occurrence of foraminifera at each site. Wright et al. (2011) pro-
posed that using the highest occurrence of foraminifera as a datum
resulted in more reliable paleomarsh elevation reconstructions
than using a tidal datum such as MHHW. Foraminiferal abundance
was expressed as raw counts and core samples that yielded fewer
than 50 foraminifera were excluded from the final RSL
reconstruction.

The testate amoebae transfer function was calibrated on the
North Atlantic dataset described in Barnett et al. (2017b) with
additional data from Big River, Hynes Brook, and Placentia (Kemp
et al., 2017c). The resulting dataset comprised 308 samples from
17 sites. Sample elevations were expressed as a standardized water
level index, where zero is the lowest occurrence of testate amoebae
and 100 is highest astronomical tide. Throughout the manuscript,
we use T-SWLI in reference to the standardized water level index
used for testate amoebae. The training set of testate amoebae was
, e1 Recompression index, Cr Compression index, Cc Yield stress, s0y (kPa)

0.07 0.83 10.5
0.09 1.78 4
0.04 0.93 3
0.06 1.06 5
0.044 1.64 4
0.076 3.26 3
0.12 1.32 11.5
0.09 1.9 4
0.02 1.56 6
0.17 4.19 7
0.32 2.97 8

ield, reduced compressibility condition. The compression index, Cr, describes the
d stress, s0y, defines the transition from reduced-to increased-compressibility states.



A.C. Kemp et al. / Quaternary Science Reviews 201 (2018) 89e110 95
modified by condensing and reducing the number of taxa in the
dataset to improve the Bayesian transfer function performance and
to reduce computation time (which also depends on the number of
samples). In the BTF it is more difficult to achieve convergence of
model parameters if there are many rare species and/or if the
number of species approaches the number of samples compared to
when there are few rare taxa and considerably more samples than
species. Furthermore, computation time is reduced by analyzing
fewer taxa, although evenwith all taxa the analysis is completed on
a timescale of hours (for example, building the BTF for foraminifera
took ~27 h of computational time). Taxa and groups of taxa with
invariant ecological tolerance ranges (established by weighted
averaging regression of the species data) were combined to reduce
the number of taxa and groups from 53 to 38 without reducing the
number of samples in the modern dataset. Low occurrence taxa
were removed following Legendre and Birks (2012). Taxa occurring
in only one sample (then 2, 3,…n samples) were removed from the
dataset until taxa variation (canonical correspondence analysis axis
1 eigenvalue as a percentage of total inertia) explained by changes
in elevation became negatively affected by the removal. This
resulted in the removal of 16 low-occurring taxa/groups that were
encountered in 15 or fewer samples, with no loss in the amount of
species variation explained by elevation.

The two Bayesian transfer functions were developed following
the approach described in Cahill et al. (2016). This approach as-
sumes a multinomial model for foraminiferal/testate amoebae as-
semblages, and uses a set of penalized spline smoothing functions
(Lang and Brezger, 2004) to describe the non-linear relationship
between each taxa and tidal elevation. The parameters that
describe each taxon response curve were estimated empirically
from the modern training set. Performance of the Bayesian transfer
functions was measured by 10-fold cross validation. When applied
to fossil assemblages of foraminifera/testate amoebae preserved in
the Big River and Placentia cores, the BTFs returned a paleomarsh
elevation reconstruction (in F-SWLI/T-SWLI units) with a sample-
specific 95% uncertainty interval. Paleomarsh elevations were
converted to absolute tidal elevations using the modern relation-
ship between local tidal datums at each site. This approach there-
fore assumes a constant tidal range through time.

RSL was reconstructed by subtracting paleomarsh elevation
estimated by the Bayesian transfer functions from sample eleva-
tion, where both values are expressed relative to the same tidal
datum. Sample elevationwas measured as depth in core, where the
core-top elevationwas measured in the field (as described in Kemp
et al., 2017c) and this term is considered to be a fixed and known
value. The corresponding age of each sample (with uncertainty)
was provided by the Bchron age-depth model.

If an assemblage of foraminifera and/or testate amoebae pre-
served in core sediment lacks an appropriate modern analog, then
the reconstructed paleomarsh elevation may not be ecologically
plausible (e.g., Jackson and Williams, 2004; Simpson, 2012). To
quantify the degree of analogy, wemeasured dissimilarity between
each core sample and its closest analog in the modern training set
using the Bray-Curtis metric. If this value exceeded the 20th

percentile of dissimilarity measured in all possible pairings of
modern samples, thenwe determined that the core sampled lacked
a modern analog and it was excluded from the final RSL recon-
struction. The choice of the 20th percentile as a threshold for
dissimilarity is common for populations such as foraminifera that
form low-diversity assemblages, particularly in instances where
the distribution of modern samples is uneven (i.e. concentration at
particular elevations such as mean tide level to MHHW for fora-
minifera; Fig. 2) since this causes dissimilarity measured among
pairs of modern samples to be biased low (e.g., Kemp and Telford,
2015). For higher diversity populations, it may be appropriate to
use a lower percentile of dissimilarity in determining the threshold
for whether or not a core sample has a modern analog (Jackson and
Williams, 2004; Watcham et al., 2013).
3.6. Statistical analysis of relative sea-level reconstructions

To self-consistently estimate (with uncertainty) differences in
RSL among locations, rates of RSL change, and to distinguish among
the global, regional linear, regional non-linear, and local compo-
nents of RSL change, we employed a spatio-temporal empirical
hierarchical model (e.g., Kopp et al., 2016). The input data for the
model are the global database of RSL reconstructions in Kopp et al.
(2016) after it was updated to include the Big River and Placentia
reconstructions (this study; uncorrected for post-depositional
lowering) and recently-published records (Fig. 1A) from North
Carolina (Kemp et al., 2017b), New York City (Kemp et al., 2017a),
the Gulf Coast of Florida (Gerlach et al., 2017), and the Magdalen
Islands (Barnett et al., 2017a). Tide-gauge records were updated
from the Permanent Service for Mean Sea Level (Holgate et al.,
2013) to include data through 2017. As in Kopp et al. (2016), the
input data also include the global mean sea-level reconstruction of
Hay et al. (2015), that was generated from tide-gauge records.
Posterior estimates generated by the spatio-temporal model for
sites in eastern North America are provided in the supporting
information.

Themodel has (1) a process level that characterizes the behavior
of RSL over space and time; (2) a data level that links RSL obser-
vations (reconstructions) to the RSL process; and (3) a hyper-
parameter level that characterizes prior expectations regarding
dominant spatial and temporal scales of RSL variability.

At the process level, we model the RSL field f(x,t) as the sum of
seven components:

f ðx; tÞ ¼ gf ðtÞ þ gsðtÞ þ mðxÞðt � t0Þ þ rsðx; tÞ þ rf ðx; tÞ
þ lsðx; tÞ þ lf ðx; tÞ (1)

where x represents geographic location, t represents time, and t0 is
a reference time point (2000 CE). The seven components are: fast
and slow common (global) terms, gf(t) and gs(t), representing the
time-variable signal shared by all sites that are included in the
analysis; a regionally varying, temporally linear (on the timescale
under examination) term, m(x)(t-t0), which represents slowly
changing processes such as GIA and/or tectonics (Engelhart et al.,
2009); regionally varying, fast and slow temporally non-linear
fields, rf(x,t) and rs(x,t), which primarily represent factors such as
dynamic sea level and the fingerprints of land-icemelt, and fast and
slow local fields, lf(x,t) and ls(x,t), which represent site-specific
processes such as sediment compaction. As in Kopp et al. (2016),
the common global signal is assumed to average 0mm/yr over
0e1700 CE.

The data level of the spatio-temporal model represents the
inherently noisy RSL reconstructions (comprised of multiple data
points termed observations; yi) as:

yi ¼ f ðxi; tiÞ þ εi þwðxi; tiÞ þ y0ðxiÞ (2)

ti ¼ bti þ di (3)

where f(xi,ti) is the true RSL value at location x and time t; εi is the
vertical uncertainty of the RSL observation i; w(xi,ti) is supple-
mental white noise added to capture incompleteness of the process
model and under-estimation of vertical and temporal measure-
ment error; and y0(xi) is a site-specific vertical datum correction
that is applied to ensure that the independent RSL reconstructions



Fig. 2. 10-fold cross validation of the Bayesian transfer functions. Left column shows results for foraminifera, symbol shading denotes site. Right column shows results for testate
amoebae; samples from Newfoundland are represented by circles (Kemp et al., 2017c) shaded to denote sites; samples from the North Atlantic dataset of Barnett et al. (2017b) are
represented by squares shaded to denote region. Top row shows actual elevation (measured at the time of sample collection) and elevation predicted under cross validation by the
transfer function. Vertical error bars show the 95% credible interval of predicted elevation. Dashed 1:1 lines are provided for reference. Bottom row is the residual (difference)
between actual and predicted elevations. All elevations are expressed as a standardized water level index. For foraminifera, a standardized water level index (F-SWLI) of 100 is local
mean tide level (MTL) and a value of 200 corresponds to the highest occurrence of foraminifera (HOF). For testate amoebae a standardized water level index (T-SWLI) of 0 is the
lowest occurrence of testate amoebae (LOT) and a value of 100 corresponds to highest astronomical tide (HAT).
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are directly comparable to one another. The true age of a RSL
observation (ti) includes the mean estimate of the true age (bt i) and
its chronological error (di), which is approximated using the noisy-
input Gaussian processmethod (McHutchon and Rasmussen, 2011).

The priors for each term in the model are Gaussian processes
(Rasmussen andWilliams, 2005) with Mat�ern covariance functions
(see Kopp et al., 2016 for more details). All priors have zero mean
except for the regional-scale linear component, m(x), which uses
predictions from the ICE5GeVM2e90 Earth-ice model (Peltier,
2004) as prior means. This does not significantly affect the final
(posterior) estimate of the regional-scale linear component, which
the model estimates based on the observations. Hyperparameters
defining prior expectations for the amplitudes and spatio-temporal
scales of variability were set through a maximum-likelihood opti-
mization. The non-linear terms were characterized by three spatial
scales (global, regional, and local) and two temporal scales (fast and
slow; Table 3). These different spatial and temporal scales enable
RSL to be decomposed and can be thought of as akin to filters of
different spatial and temporal bandwidths. Optimized values
indicate that the dominant temporal scales are 326 years for the
slow terms and 12 years for the fast terms, the dominant regional
spatial scale is 6.1� angular distance, and the local spatial scale is
0.05�. The largest non-linear signal comes from the slow, global
term (prior standard deviation of 16 cm), followed by the slow,
regional term (prior standard deviation of 6 cm). The fast, regional
term and the two local termsmake comparable contributions (prior
standard deviations of 2e3 cm). The supplemental white noise and
datum correction terms are negligible, which indicates that the
stated measurement errors are adequate to explain the differences
between the process model and the observations.
4. Results

4.1. Performance of Bayesian transfer functions

The Bayesian transfer function developed for foraminifera uti-
lized a modern training set (134 samples from three sites in
Newfoundland) that spanned an elevational range of 84e200 F-



Table 3
Optimized hyperparameters for spatio-temporal empirical hierarchical model.

Term Prior SD Characteristic Timescale (years) Characteristic Length Scale (Degrees)

gf(t) [fast global] ±0.2 cm 12 e

gs(t) [slow global] ±16 cm 326
m(x) [linear] ±1.1mm/yr e 4.7
rf(x,t) [fast regional] ±2 cm 12 6.1
rs(x,t) [slow regional] ±6 cm 326 6.1
lf(x,t) [fast local] ±2 cm 12 0.05
ls(x,t) [slow local] ±3 cm 326 0.05
w(x,t) [additional error] ±0.02mm e e

y0(x) [datum offset] ±0.1mm e e

A.C. Kemp et al. / Quaternary Science Reviews 201 (2018) 89e110 97
SWLI. Under 10-fold cross validation there is a strong (r2¼ 0.81)
relationship between actual (measured at the time of sample
collection) and predicted elevation (Fig. 2). Within their uncer-
tainty, the predicted elevation of 96% (128 of 134) of samples
included the actual elevation. Absolute residuals (difference be-
tween actual and predicted elevation) averaged 3.3 F-SWLI, with a
standard deviation of 3.2 F-SWLI, and a maximum of 46.8 F-SWLI.
The lack of any systematic relationship between residuals and
actual elevation (r2¼ 0.05) indicates that the foraminiferal
Bayesian transfer function should produce unbiased re-
constructions of paleomarsh elevation.

The Bayesian transfer function developed for testate amoebae
utilized a modern training set (308 samples from sites in the North
Atlantic Ocean, including three sites in Newfoundland) that span-
ned an elevational range of 0e435 T-SWLI. Under 10-fold cross
validation there is a strong (r2¼ 0.67) relationship between actual
and predicted elevation (Fig. 2). Within their uncertainty, the pre-
dicted elevation of 80% (247 of 308) of samples included the actual
elevation. Of the 61 samples for which the Bayesian transfer func-
tion did not accurately predict elevation, a disproportionate num-
ber came from Sillons (14 samples) in the Magdelen Islands
(Canada) and Scheldt Estuary (16 samples) in Belgium, which may
indicate local-scale variability in the distribution of testate
amoebae. Absolute residuals averaged 33 T-SWLI, with a standard
deviation of 29 T-SWLI, and a maximum of 157 T-SWLI. The lack of
any systematic relationship between residuals and actual elevation
(r2¼ 0.001) indicates that the testate amoebae Bayesian transfer
function should produce unbiased reconstructions of paleomarsh
elevation.

4.2. Relative sea level at Big River

The stratigraphy beneath Big River is comprised primarily of
high salt-marsh peat with abundant plant remains overlying an
incompressible substrate of consolidated, grey-blue silt and clay of
glacial origin (Fig. 1G). Within the high salt-marsh peat are thin
(<5 cm) and discontinuous horizons containing increased fine-
grained clastic sediment. The discontinuous nature of these units
likely indicates that they are the result of a process operating
intermittently and on meter-scales, such as delivery of ice-rafted
sediment (Richard, 1978). Pools (diameters on the order of a few
meters and lifespans of years) are also a common feature of salt
marshes in the study region and are associated with deposition of
fine-grained minerogenic sediment that could leave thin clastic
layers in the sedimentary record (e.g., Wilson et al., 2014; Wilson
et al., 2010). A total of 42 radiocarbon ages obtained on plant
macrofossils in core F25 (Table 1; Fig. 3) reveal that the uppermost
3.05m of sediment accumulated during the past ~3000 years.

We assigned the lowest depth in the Big River core with
detectable 137Cs activity (21± 2 cm) an age of 1954 CE± 2 years and
the depth with maximum activity (13± 2 cm) was recognized as
1963 CE± 1 year (Fig. 3A). These horizons represent the initiation
and peak of above-ground testing of nuclear weapons respectively
(see discussion in Wright et al., 1999 for example). Prevailing
westerly winds carried pollution from the major industrial centers
in the United States (including the Upper Mississippi Valley and
northeastern states) to Newfoundland and we therefore used his-
toric emissions from the United States to assign ages to downcore
trends in elemental and isotopic abundance (Fig. 3A). Our inter-
pretation relies on trends rather than absolute values since emis-
sions per unit of production likely changed through time. We
assume that pollution was deposited principally onto the high salt-
marsh surface from the atmosphere, shortly after emission and
without further isotopic fractionation. The ratio of lead isotopes
(206Pb:207Pb) measured in bulk core sediment reflects the evolving
sources of lead pollution that began in North America with pro-
cessing of galena ore with a distinctive isotopic signature in the
Upper Mississippi Valley (Doe and Delevaux, 1972; Heyl et al., 1966;
Kemp et al., 2012a; Lima et al., 2005). The initial increase in
206Pb:207Pb (35± 2 cm) is interpreted as reflecting the start of
emissions from the Upper Mississippi Valley and correspondingly
assigned an age of 1827 CE± 5 years. A peak in 206Pb:207Pb
(29± 2 cm) occurred in 1858± 5 years when the quantity of lead
produced in the Upper Mississippi Valley reached its maximum
proportion of U.S. national output. The decline of lead production in
the Upper Mississippi Valley coupled with growing production
elsewhere from sources with less distinctive isotopic ratios caused
206Pb:207Pb to reach a minimum in 1880 CE ± 20 years (25± 2 cm).
The onset of widespread industrialization at 1875 CE ± 5 years
caused a corresponding increase in the quantity of lead deposited at
Big River (25± 2 cm), while the introduction of the Clean Air Act
reduced lead pollution (1974 CE± 5 years) at Big River (13± 2 cm).
We attribute the second rise in lead (at depths above 13 cm in the
Big River core) to local trends of unknown provenance since similar
features are not observed elsewhere in the northeastern United
States or eastern Canada (e.g., Chillrud et al., 1999; Gobeil et al.,
2013; Graney et al., 1995; Kemp et al., 2015). Assimilation of the
radiocarbon dates and pollution markers into a Bchron age-depth
model allowed us to reconstruct the history of sediment accumu-
lation at Big River (Fig. 3B). The chronological uncertainty for a 1-
cm thick sample in this core (measured by the mean width of the
95% credible interval) was ±53 years. Prior to ~1850 CE the mean
annual rate of sediment accumulation was 0.65mm/yr (95% cred-
ible interval of 0.20e2.8mm/yr), after which the rate increased to
0.9mm/yr (95% credible interval of 0.28e3.8mm/yr), including a
current rate of ~2.0mm/yr (95% credible interval of 0.6e10.0mm/
yr; Fig. 3C).

Foraminifera were counted in 151, 1-cm thick samples from the
Big River core. In these samples, Jadammina macrescens/Balti-
cammina pseudomacrescens was the single most abundant taxon at
most depths (60% of all counted individuals; Fig. 4). Foraminifera
were present below 288 cm, but these samples yielded fewer than
50 individual tests (almost exclusively Jadammina macrescens/Bal-
ticammina pseudomacrescens). From 288 cm to 222 cm, there was



Fig. 3. Big River chronology. (A) Downcore profiles of 137Cs, Pb isotopes (206Pb:207Pb), and Pb concentration used to recognize marker horizons of known age. Shaded depths show
the interval in the core that corresponds to each horizon and were included in the age-depth model as a sampling uncertainty. Labeled ages list the age assigned to each horizon and
the uncertainty was included in the age-depth model with a uniform probability distribution. (B) Age-depth model developed for the Big River core using Bchron. Shaded envelope
is the 95% credible interval summarized from a suite of equi-probable accumulation histories. Symbols represent marker horizons (uncertainties are smaller than symbols).
Radiocarbon ages are calibrated ages with bar thickness proportional to probability (note that a single radiocarbon age often yields multiple calibrated ranges; thicker bar denotes
higher probability). (C) Mean annual rate of sediment accumulation estimated using the Bchron age-depth model, solid line represents mean rate and shaded envelope captures the
5the95th percentiles.
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elevated relative abundance of Miliammina fusca (average 38%).
Similarly, the intervals at depths of 178e164 cm and 126e124 cm
were characterized by assemblages that included more than 25%
Miliammina fusca. At 138e38 cm assemblages of foraminifera
included an average of 20% Haplophragmoides spp. Tiphotrocha
comprimata was present throughout the core, but most abundant
(average 27%) above 56 cm. Only one sample (at 40 cm) lacked an
appropriate analog in the modern training set (at the 20th

percentile of dissimilarity) and two samples above 288 cm con-
tained fewer than 50 foraminifera (Fig. 4). These samples (along
with the seven samples below 288 cm with low counts) were
excluded from the final RSL reconstruction. When the threshold for
dissimilarity was lowered to the 10th/5th percentile, the number of
foraminiferal assemblages lacking a modern analogue was 10/85
out of a total of 151 samples. Application of the Bayesian transfer
function to assemblages of foraminifera preserved in the Big River
core generated paleomarsh elevation reconstructions with sample-
specific uncertainties. For samples with <20%Miliammina fusca, the
average reconstructed paleomarsh elevation was 162 F-SWLI. In
comparison, samples with >20% Miliammina fusca produced pale-
omarsh elevation reconstructions with an average of 133 F-SWLI.
The average uncertainty in paleomarsh elevation reconstructions



Fig. 4. Assemblages of foraminifera in the Big River core. Abundance of the five most common taxa are presented and together these taxa made up 99.6% of all counted individuals.
Jm¼ Jadammina macrescens; BP ¼ Balticammina pseudomacrescens; Tc ¼ Tiphotrocha comprimata; Hs ¼ Haplophragmoides spp.; Ti¼ Trochammina inflata; Mf¼Miliammina fusca.
Samples yielding fewer than 50 individual foraminifera (shaded circles) were excluded from the final relative sea-level reconstruction. The dissimilarity between each sample in the
core and its closest modern analog was measured using the Bray-Curtis distance metric. If measured dissimilarity exceeded the 20th percentile of dissimilarity among all possible
pairs of modern samples (labeled and dashed vertical line; the 10th and 5th percentiles are also shown for reference) the sample was excluded from the final relative sea-level
reconstruction. Symbol shading denotes the site in the modern training set that provided the closest modern analog. Application of the Bayesian transfer function yielded re-
constructions of paleomarsh elevation in standardized water level index (F-SWLI) units, where a value of 100 corresponds to mean tide level (MTL) and 200 is the highest
occurrence of foraminifera (HOF) in the modern training set. Sample-specific uncertainties are the 95% credible interval.
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(95% credible interval) was±25 F-SWLI, which is±0.23m under our
assumption of a stationary tidal regime at Big River.

At Big River, RSL rose continuously from
approximately �2.64m at �800 CE (Fig. 5). The rate of RSL rise
estimated by the spatio-temporal model was 0.60± 0.15mm/yr
(95% credible interval) until 0 CE. Over the period 0e1700 CE, RSL
rose at 0.98± 0.05 (95% credible interval) and during the 20th
century the rate of rise was 2.05± 0.61mm/yr (95% credible in-
terval). In comparison, the tide gauge at Port-aux-Basques recorded
a linear rate of rise of ~2.2mm/yr over the period 1959e1999 CE.
Therefore, within uncertainty the tide gauge and RSL reconstruc-
tion record the same rate of historic rise. The data used to recon-
struct RSL at Big River are tabulated in the supporting information.

4.3. Relative sea level at Placentia

The stratigraphy underlying the Placentia site is comprised of up
to ~1.75m of organic sediment overlying basal sand (Fig. 1 HeJ). A
unit of red-hued, highest salt-marsh peat lies above the basal sand.
At most coring locations, this unit was replaced upcore by an
amorphous, black organic unit that outcrops at the surface in a few
locations and which Daly (2002) interpreted as a detrital, fresh-
water peat. A unit of brown-coloured, high salt-marsh peat is
present at most locations on the marsh surface. We selected core
C106 for detailed analysis because it included the thickest highest
salt-marsh unit and the freshwater peat appeared to be absent.
Visual inspection of cores in the field and of C106 in the laboratory
did not reveal any clear evidence for a hiatus or disturbance events.
Radiocarbon dates from 19 depths in the core (including three
depths where pooled means were generated from replicate radio-
carbon measurements; Table 1) reveal that this sediment accu-
mulated during the past ~2750 years (Fig. 6B). Our interpretation of
isotopic and elemental profiles in the upper ~0.3m of the core
followed our interpretation of similar measurements on the Big
River core (Fig. 3A). In addition to the chronological horizons
recognized at Big River, we identified the onset of copper pollution
(1900 CE± 10 years) at 13± 4 cm in the Placentia core (Fig. 6A),
alongside a peak in lead deposition followingWorldWar One (1925
CE± 5 years at 11± 4 cm), a reduction in lead deposition during the
Great Depression (1935 CE± 6 years at 9± 6 cm), a minimum in the
206Pb:207Pb ratio caused by the changing source of lead being
added to vehicle fuel (1965 CE± 5 years at 8± 2 cm) and a peak in
vanadium concentration (1974± 5 years at 5± 4 cm) that we
interpreted as confirmation that peak pollution was curtailed by
the introduction of the Clean Air Act in the United States. Assimi-
lation of these dates using Bchron, generated an age-depth model



Fig. 5. Relative sea-level reconstructions from Big River and Placentia. Each box rep-
resents the vertical and chronological uncertainty of a single data point. Predictions
from two widely used Earth-ice models (ICE-6G VM5; Argus et al., 2014 and ICE-5G
VM2; Peltier, 2004) are shown for comparison. For Big River, discrete, independent,
and previously published relative sea-level reconstructions from sites in western
Newfoundland are show as blue boxes (Love et al., 2016) that represent vertical and
chronological uncertainty.
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with an average uncertainty (95% credible interval) of ±75 years for
1-cm thick samples, although we note that below depths of 137 cm,
the uncertainty is greater (Fig. 6B). The history of sedimentation at
Placentia includes distinctive pulses of sedimentation and a pro-
longed period of no/slow deposition (Fig. 6C). Faster sedimentation
occurred at approximately �500 CE to �250 CE (average 0.58mm/
yr; 0.17e2.4mm/yr, 95% credible interval) and at ~1300 CE to ~1500
CE (average 0.94mm/yr; 0.24e4.2mm/yr, 95% credible interval),
when the mean annual rate reached a maximum of 3.3mm/yr.
From 100 CE to 1000 CE the average mean annual rate of sedi-
mentation was positive, but slow (average 0.11mm/yr;
0.03e0.39mm/yr, 95% credible interval).

Assemblages of foraminifera in the Placentia core were charac-
terized at all depths by high abundances of Jadammina macrescens/
Balticammina pseudomacrescens (minimum of 81% in all samples
that yielded representative counts below 4 cm), although in the
uppermost 4 cm, Trochammina inflata comprised ~50% of the
assemblage (Fig. 7). Foraminifera were scarce (1e16 tests in 1-cm
thick samples), or absent from 60 cm to 16 cm. Application of the
Bayesian transfer function to these assemblages indicates that the
sediment above 16 cm and below 60 cm was deposited in the up-
permost part of the intertidal zone close to highest astronomical
tide and the highest occurrence of foraminifera. The average (95%
credible interval) uncertainty for reconstructed paleomarsh eleva-
tion was ±15 F-SWLI (equivalent to± 0.12m at Placentia). All
assemblages of foraminifera in the core had analogues in the
modern training set when the 20th percentile of dissimilarity was
employed as a threshold. When the threshold was lowered to the
10th/5th percentile, the number of foraminiferal assemblages lack-
ing a modern analogue was 0/6 out of a total of 61.

The top 60 cm of the Placentia core was analyzed for testate
amoebae because of the scarcity or absence of foraminifera (Fig. 7).
Testate amoebae assemblages were typical of salt-marsh environ-
ments around the North Atlantic Ocean, including Newfoundland
(Fig. 7). From ~60 cm to ~20 cm the most common taxa were Cen-
tropyxis aculeata type (15e39%), Centropyxis cassis type (14e47%),
and Tracheleuglypha dentata type (up to 17%). Above ~20 cm, the
abundance of Pseudocorythion type increased (up to 68%), while
there was a corresponding reduction in the abundance of Cen-
tropyxis aculeata type (less than 38%) and Centropyxis cassis type
(less than 36%). Application of the Bayesian transfer function to
these assemblages generated paleomarsh elevation reconstructions
that indicate deposition in a high salt-marsh environment below
highest astronomical tide (and notably below the highest occur-
rence of foraminifera in the modern training set; Fig. 7). The
average uncertainty (95% credible interval) for the paleomarsh
elevation reconstructions was ±65 T-SWLI (equivalent
to± 0.28m at Placentia), although we note that two samples (at
28 cm and 24 cm) had particularly large uncertainties of ±172 T-
SWLI and ±177 T-SWLI respectively. All assemblages of testate
amoebae had an analogue in the modern training set from the
North Atlantic Oceanwhen the 20th percentile was used as a cut-off
value. Using the 10th/5th percentile instead, resulted in 1/20 sam-
ples lacking a modern analogue.

At Placentia, paleomarsh elevation exhibited little variability
until ~1970 CE (~6 cm depth; Fig. 7). Therefore, reconstructed RSL
trends prior to ~1970 CE arise primarily from changes in the rate of
sediment accumulation. The reconstructed mean annual sedi-
mentation rate (Fig. 6C) only exceeded 1mm/yr in 137 years out of a
total record length of more than 2500 years (mean annual sedi-
mentation exceeding 2/3/4mm/yr occurred in 18/5/0 years). These
rates of accumulation and the corresponding rates of time-
averaged RSL rise are well below proposed upper limits of salt-
marsh sedimentation (e.g, Kirwan et al., 2010; Kirwan et al., 2016;
Morris et al., 2002), indicating that the consistency of reconstructed
paleomarsh elevation is ecologically plausible. Importantly, the
switch to using testate amoebae as sea-level indicators in the
absence of foraminifera did not cause a marked change in paleo-
marsh elevation (Fig. 7). Foraminifera below 60 cm indicated that
paleomarsh elevation was above local MHHW and below highest
astronomical tide, while testate amoebae from 60 cm to ~16 cm also
show paleomarsh elevation in this range.

Placentia offers an opportunity to consider similarities and dif-
ferences between paleoenvironmental inferences drawn from
foraminifera and testate amoebae. At depths of 16e60 cm, 13
samples contained no foraminifera and 10 yielded 1e16 tests. We
consider three possible explanations for the absence/scarcity of
foraminifera in this interval. Firstly, the rate of sediment accumu-
lation was sufficiently high to dilute the concentration of forami-
nifera and produce low counts. This seems unlikely, particularly in
light of age-depth results, which indicate that the rate of sediment
accumulation was not unusual for a salt-marsh experiencing RSL
rise (Fig. 6C). Other studies, show that foraminifera are abundant in
salt-marsh sediment accumulating at these rates (e.g., Kemp et al.,
2013). Secondly, this section of core was deposited at, or above, the
highest occurrence of foraminifera and therefore no, or few, tests
were ever present. The absence/scarcity of foraminifera does
coincide with faster sediment accumulation (Fig. 6) that was suf-
ficiently high perhaps to cause emergence. However, results from
the testate amoebae transfer function (Fig. 7) indicate that the



Fig. 6. Placentia chronology. (A) Downcore profiles of 137Cs, Pb isotopes (206Pb:207Pb), and Pb, V and Cu concentrations used to recognize marker horizons of known age. Shaded
depths show the interval in the core that corresponds to each horizon and were included in the age-depth model as a sampling uncertainty. Labeled ages list the age assigned to
each horizon and the uncertainty was included in the age-depth model with a uniform probability distribution. (B) Age-depth model developed for the Placentia core using Bchron.
Shaded envelope is the 95% credible interval summarized from a suite of equi-probable accumulation histories. Symbols represent marker horizons (uncertainties are smaller than
symbols). Radiocarbon ages are calibrated ages with bar thickness proportional to probability (note that a single radiocarbon age often yields multiple calibrated ranges). For
reference, the depths at which foraminifera were sparse or absent are highlighted. (C) Mean annual rate of sediment accumulation estimated using the Bchron age-depth model,
solid line represents mean rate and shaded envelope captures the 5the95th percentiles.
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sediment accumulated close to MHHW, in which case it is
reasonable to assume that a healthy population of agglutinated
foraminifera existed on the paleo salt-marsh surfaces if the paleo-
environmental interpretation of testate amoebae is accurate.
Furthermore, core stratigraphy does not indicate a change in
depositional environment. Cross validation of the testate amoebae
Bayesian transfer function (Fig. 2) does not indicate that is likely to
generate systematically biased paleomarsh elevation re-
constructions. Thirdly, foraminifera were present on the
paleomarsh surfaces, but poorly preserved (hence only a handful of
tests being found in core samples). Other studies (e.g., Kemp et al.,
2014; Kemp et al., 2013) also noted the absence/scarcity of fora-
minifera in sections of cores where supporting evidence such as
plant macrofossils or bulk-sediment geochemistry strongly suggest
deposition in a high-salt marsh environment that probably sup-
ported agglutinated foraminifera. In the upper 6 cm of the Placentia
core, testate amoebae recorded an increase in paleomarsh elevation
(emergence), while an increase in Trochammina inflata drove a



Fig. 7. Assemblages of foraminifera (red) and testate amoebae (blue) in the Placentia core. Abundance of the two most common taxa of foraminifera are presented and together
comprise 98.6% of individuals across all samples. Jm¼ Jadammina macrescens; Bp¼ Balticammina pseudomacrescens; Ti¼ Trochammina inflata. Paleomarsh elevation (PME) was
reconstructed from the assemblages of foraminifera using a Bayesian transfer function (error bars represent the 95% credible interval) and is expressed as a standardized water level
index (F-SWLI) where a value of 200 is equal to the highest occurrence of foraminifera (HOF). Abundance of the three most common taxa of testate amoebae are presented and
together comprise 58.2% of individuals across all samples. Ce.ac.t¼ Centropyxis aculeata type; Ce.ca.t¼ Centropyxis cassis type; Ps.t¼ Psudocorythion type. PME was reconstructed
from assemblages of testate amoebae using a Bayesian transfer function and is expressed as a standardized water level index (T-SWLI) where a value of 0 is equal to the lowest
occurrence of testate amoebae (LOT) and a value of 200 is highest astronomical tide (HAT). In this panel HOF is also shown for comparison following correction for the difference in
standardization between datasets. Dissimilarity between each core sample and its closest modern analog was measured using the Bray Curtis distance metric. Samples with a
minimum dissimilarity less than the 20th percentile measured among all possible pairings of samples (dashed and labeled vertical lines; the 10th and 5th percentiles are also shown
for comparison) in the modern training sets are deemed to have an appropriate analogue. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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modest decrease in paleomarsh elevation (drowning) estimated
using foraminifera. Although these trends are contradictory, they
are not significant within the reconstruction uncertainties.

At Placentia, RSL rose continuously from �1.40m at �760 CE.
The rate of RSL rise estimated by the spatio-temporal model was
0.48 ± 0.06 (95% credible interval) over the period 0e1700 CE, but
during this interval the rate of RSL included phases of slower
(0.12± 0.27 for 400e800 CE; 95% credible interval) and faster rise
(1.07± 0.23 for 1200e1600 CE; 95% credible interval). During the
20th century the rate of rise was 1.43± 0.62mm/yr (95% credible
interval). For comparison, the Argentia tide gauge measured a
linear rate of RSL rise of 1.33mm/yr between 1971 CE (first year of
measurements) and 2000 CE. Therefore, within uncertainty the tide
gauge and RSL reconstruction record the same rate of historic rise
(albeit over a limited time interval). It is important to recognize that
the short duration (29 years) of this instrumental recordmay not be
suitable for accurately representing sustained RSL trends because of
contamination by decadal-scale variability (e.g., Douglas, 1997).
Furthermore, a 1-cm thick sample of sediment from the uppermost
part of the Placentia core represents ~20 years, which inhibits ef-
forts to reliably estimate RSL trends in the reconstruction on the
same timescale as the tide gauge. The data used to reconstruct RSL
at Placentia are tabulated in the supporting information.
4.4. Post-depositional lowering at Big River

The physical and geotechnical properties of modern salt-marsh
sediment were measured on 11 surface samples from Big River,
Hynes Brook, and Placentia (Fig. 8AeD; Table 2). This data set
provided empirical constraints on the relationship between organic
content (measured by LOI) and the parameters (voids ratio,
recompression index, compression index, and specific gravity)
needed to run the decompaction model. High organic content is
associated with correspondingly high voids ratios, recompression
index, and compression index, but lower specific gravity. The na-
ture of these relationships is similar to those observed on salt-
marshes in North Carolina (Brain et al., 2015), Connecticut (Brain
et al., 2017), and the United Kingdom (Brain et al., 2011, 2012)
despite marked difference among these regions in climate, salt-
marsh vegetation, coastal geomorphology, and organic content of
salt-marsh sediment.

In the Big River core, LOI varied from 13% to 70% (Fig. 8F) and
these values fall within the range measured on modern salt-marsh
sediment in Newfoundland (12e82%). Samples with low LOI were
typically comprised of thin and localized silt lenses. Measured dry
bulk density was 0.10e0.47 g/cm3, where the highest values
occurred in the silt lenses (Fig. 8G). Comparison of these values
with those predicted by the decompaction model indicates a



Fig. 8. Estimation of post-depositional lowering caused by physical compression of core sediment. (AeD) Observed relationships between organic content (measured using loss-on-
ignition; LOI) and geotechnical/physical properties of modern salt-marsh sediments collected from Big River, Hynes Brook, and Placentia (distinguished by symbol shape and
shading). Dashed lines (with equations) represent best fit, except in panel D where the equation and line are from Hobbs (1986). (E) Comparison of model-predicted and measured
bulk density for sediment samples in the Big River core. Modeled values are the mean and standard deviation of 5000 model runs. (FeI) Measured (blue) and modeled (orange,
mean and 95% credible interval) geotechnical/physical properties (including post-depositional lowering) of sediment samples in the Big River core. (J) Lithostratigrahy of the Big
River core. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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tendency for the model to modestly over predict the dry bulk
density of the silt lenses (estimates of post-depositional lowering
may subsequently be overestimated) in underlying sediments.
However, given the low density and thin nature of these discon-
tinuous lenses, we do not consider this effect to be significant in our
post-depositional lowering estimates throughout the core. For all
samples in the core, the relationship between measured and pre-
dicted dry density has an r2 value of 0.52, and 88% of measured
values lie within the 2s predictions of the model (Fig. 8E). Appli-
cation of the geotechnical model to the Big River core shows that
effective stress increases with depth from zero at the surface to
~3 kPa at 3.20m, which yields estimates of post-depositional
lowering that increase from zero at the top of the core to a char-
acteristic peak in the middle of the core (less than 0.02m), before
decreasing once again to zero at the base of the core (Fig. 8I). The
magnitude of estimated post-depositional lowering through me-
chanical compression is similar to estimates generated elsewhere
by applying geotechnical models to near-continuous sequences of
high salt-marsh peat (Brain et al., 2015; Zoccarato and Teatini,
2017). Comparison of the Big River RSL reconstruction with a
regional-scale database of basal (compaction-free) sea-level index
points compiled by Love et al. (2016; Fig. 5A) further suggests that
the contribution of compaction was small. Based on these results,
we contend that post-depositional lowering through physical
compression is unlikely to have exceeded 0.02m in the samples
used to reconstruct RSL at Placentia because the thicker sequence of
peat at Big River is more prone to this effect than the thinner
sequence (~1.4m) at Placentia. Compaction data are tabulated in
the supporting information for Big River.
5. Discussion

5.1. Decomposition of relative sea-level trends

Although any single RSL reconstruction is necessarily and
unavoidably representative of trends at a specific location,
regional- and global-scale trends can be investigated by analyzing a
multi-site network of reconstructions. We used the spatio-
temporal empirical hierarchical model (section 3.6) to decompose
a global dataset of RSL reconstructions and co-located tide-gauge
measurements into contributions from processes characterized by
different spatial and temporal scales. The spatio-temporal model
simultaneously analyzes each reconstruction and shares informa-
tion among sites to generate a posterior RSL history for each site. In
agreement with the original reconstructions, RSL estimated by the
spatio-temporal model rose by ~3.0m at Big River over the past
~3000 years compared to ~1.5m at Placentia (Fig. 9). The model-
estimated RSL curves fall within the uncertainties of the original
RSL reconstruction, indicating that the underlying data is accurately
represented by the model. Implicitly, the spatio-temporal model



Fig. 9. Decomposition of relative sea-level reconstructions from Newfoundland using a spatio-temporal model. In all cases, the solid line and shaded envelope are the model mean
and 1s uncertainty. The left column presents results from Big River and the right column presents results from Placentia. Rows are the estimated contribution to relative sea level
from specific groups of physical processes. Axes are standardized across columns to aid comparison of Big River and Placentia. The vertical scale for the panels depicting relative sea
level and the regional-scale linear component are the same. Likewise, the panels presenting global sea level share a vertical scale with those presenting the contributions from
regional, non-linear and local processes.
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assumes that each of the datasets provided as input are accurate
reconstructions of RSL. Therefore, variability within and among
reconstructions is considered to primarily be the result of physical
processes rather than the choices (e.g., definitions of standardized
water level indexes, type of transfer function, and type of age-depth
model) that were made to produce the reconstructions.

At Big River and Placentia, most RSL rise during the past ~3000
years is attributed to regional-scale linear processes (Fig. 9) that we
interpret primarily as GIA (e.g., Love et al., 2016; Peltier, 2004) at a
rate of 0.98± 0.05mm/yr (95% credible interval) at Big River and
0.51± 0.05mm/yr (95% credible interval) at Placentia. The rate of
reconstructed, regional-scale linear sea-level rise at Big River and
Placentia is typically less than the rate inferred from RSL pre-
dictions generated by the widely-used ICE-6G VM5 (Peltier et al.,
2015) and ICE-5G VM2 (Peltier, 2004) Earth-ice models (Fig. 5).
Similar differences were noted in studies that compared sea-level
index points derived from salt-marsh sediment to RSL predictions
from Earth-ice models (e.g., Roy and Peltier, 2015).

The global-scale component of reconstructed RSL is largely
consistent with the results of Kopp et al. (2016). It varies by ~0.2m
and includes a gradual rise over 0e600 CE that was followed by a
marked fall from 1000 CE to 1200 CE (Figs. 9 and 10A). Over the 20th

century, global sea level rose by 13.6± 1.4mm/yr (95% credible
interval), in agreement with global tide-gauge compilations.
However, this agreement is to be expected because the input data
analyzed by the spatio-temporal model included the global tide-
gauge record of Hay et al. (2015). This is the fastest centennial-
scale rate of rise in the past 3000 years (P> 0.999), which is a
stronger conclusion than the equivalent analysis of Kopp et al.
(2016), who found that the 20th century rise was extremely likely



Fig. 10. (A) Reconstructed global mean sea level (mean with 1s uncertainty). (B)
Contribution of local-scale trends to reconstructed relative sea level at sites along the
Atlantic coast of North America. For ease of comparison, only select sites (coloured in
latitudinal order) and model means are shown. Geotechnical models estimate little or
no contribution from sediment compaction at Big River, Newfoundland and the record
from East River, Connecticut was generated entirely from compaction-free basal
sediment.
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(P¼ 0.95) faster than during any century since at least �800 CE.
5.2. Local-scale contribution

The estimated contribution from local-scale processes to RSL
trends along the Atlantic coast of North America is typically less
than±5 cm (Fig.10B). This interpretation is also partly supported by
geotechnical modeling, which showed that post-depositional
lowering through sediment compaction (a commonly invoked
local-scale process) was minimal at Big River (Fig. 8) and probably
also at Placentia. A comparison of basal (compaction-free) sea-level
index points from western Newfoundland (Love et al., 2016) with
the Big River RSL reconstruction confirms that sediment compac-
tion was not a major driver of reconstructed RSL change in
Newfoundland (Fig. 5). Work in Connecticut and North Carolina
also concluded that compaction made a minimal contribution to
RSL reconstructions generated from continuous sequences of high
salt-marsh peat (Brain et al., 2015, 2017; Kemp et al., 2015;
Zoccarato and Teatini, 2017).

Salt marshes on the open coast with simple geomorphologies
and that continuously accumulated sediment in (near-)equilibrium
with rising sea-level are ideal sites for reconstructing RSL. In
practice sediment accumulation and preservation often favors
sheltered, low-energy salt marshes. This is the case in eastern
Newfoundland (e.g., Placentia), where salt marshes are rare and
restricted to back-barrier settings. Placentia's geomorphology
makes it potentially vulnerable to local-scale RSL variability
(Fig. 1E). For example, closure of the North Arm would isolate the
site from astronomical tides and RSL trends in the ocean, while
opening of the South Arm could increase marine influence and tidal
range. However, the estimated contribution from local-scale pro-
cesses to RSL at Placentia is not markedly larger than at Big River
(Fig. 9), or indeed other sites along the Atlantic coast of North
America (Fig. 10B). This result does not mean that local-scale pro-
cesses were unimportant, only that they are not necessary to
explain the observations (i.e. the original RSL reconstruction)
within their uncertainty. For example, at Placentia the period
~1500e1800 CE (Fig. 9) is characterized by variable and uncertain
reconstructions that could readily accommodate additional local-
scale contributions with a magnitude of centimeters to tens of
centimeters and a duration of decades to centuries. Such large
values do not appear within the uncertainty envelope of the
modeled, local-scale estimate at Placentia because there is no site
in the database that requires such large local-scale contributions to
explain the reconstructions within their uncertainty, and so the
trained model does not find them parsimonious.

The Atlantic coast of North America has the greatest concen-
tration of detailed RSL reconstructions spanning the past ~3000
years of any coastline in the world, but even here the network of
available data remains sparse with individual records often sepa-
rated by 100s of kilometers (Fig. 1A). Due to the tendency for
research to explore RSL variability among rather than within
coastal regions, a single region (i.e., a geographic area with a shared
climate and oceanographic regime) may have only a handful of
reconstructions and often only a single record. This geographic
scarcity of data is a major challenge for efforts to separate regional-
scale contributions that could reflect key climate-driven processes,
such as changes in ocean or atmospheric circulation, from those
that are restricted to a single core or site (local-scale processes). The
characteristic scales of the regional non-linear and local contribu-
tions in the spatio-temporal model are 6.1� (~700 km) and 0.05�

(<6 km) respectively (Table 3). Given the current distribution of
neighboring RSL reconstructions compared to these scales (e.g.,
~430 km from Big River to Placentia; ~700 km fromNassau Landing
in Florida to Tump Point in North Carolina; Fig. 1A), we acknowl-
edge that robustly distinguishing between regional- and local-scale
processes is a considerable challenge and is likely to be refined as
additional reconstructions become available. Increased recon-
struction precision will also help to differentiate between contri-
butions from regional- and local-scale processes because larger
errors allow the spatial temporal model to produce a posterior RSL
history that is consistent with the underlying data with only a
modest contribution from local-scale processes.

5.3. Regional-scale non-linear contribution

The contrasting accumulation histories of Big River and Pla-
centia (Figs. 3 and 5) indicate that the sites may have different fi-
delity in recording RSL changes. Big River is an example of an ideal,
continuously accumulating sequence, while the more complex
history of sedimentation at Placentia includes a ~1100-year period
of little accumulation (Fig. 5B). During this interval assemblages of
foraminifera (Fig. 7; section 4.3) indicate a stable (and uniformly
high) paleo-marsh elevation, meaning that the RSL reconstruction
is essentially equal to the accumulation (age-depth) curve. At face
value (and given only a small contribution from local-scale pro-
cesses), this implies that modest (~0.5mm/yr), GIA-driven RSL rise
was offset by a regional, non-linear sea-level fall from ~0 to ~1100
CE. The resulting period of stable RSL would cause the Placentia salt
marsh to cease accumulating sediment, but continued tidal inun-
dation supported an in-situ population of foraminifera and pre-
vented test loss through desiccation.
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A similar regional non-linear sea-level fall occurred at Big River,
but ended several centuries earlier than at Placentia (Fig. 11A). The
difference between the two reconstructions is greatest at
~100e400 CE, perhaps because the lower rate of GIA at Placentia
did not create sufficient accommodation space to fully record the
regional non-linear fall. In contrast, regional non-linear trends at
Big River and Placentia are essentially identical when Placentia is
unambiguously accumulating sediment. Notably the sites in the
northeastern United States where background rates of GIA are
relatively high (Fig. 11B) display more coherence in the regional
non-linear signal than sites in the southeastern United States
(Fig. 11C) where rates of GIA are relatively low, which further
suggests that locations where accommodation space is created
more rapidly have greater fidelity in recording regional non-linear
sea-level changes.

Comparison of the regional non-linear component of RSL
change during the past ~3000 years along the Atlantic coast of
Fig. 11. (AeC) The regional-scale non-linear contribution to reconstructed relative sea level
ease of comparison, only select sites are shown. Each series is represented by a mean (solid li
sea-level change estimated by the spatio-temporal model (units of mm/yr) for three time
North America reveals three latitudinal groups of sites that share
common trends (Fig. 11). Sites in Atlantic Canada experienced a
declining contribution from ~7 cm at �750 CE to a minimum of
approximately �10 cm at 1000 CE, which was followed by an in-
crease until ~1850 CE, after which the regional non-linear contri-
bution declined slightly (Fig. 1A). In the northeastern United States,
regional non-linear sea level fell from ~8 cm at �1000 CE to a
minimum of approximately �8 cm 400 CE (Fig. 11B). It then
remained stable until ~1200 CE, declined modestly until 1600 CE,
and rose until present. In the southeastern United States (Fig. 11C),
regional non-linear sea level fell also fell from �1000 CE until ~500
CE when a period of stability began. The period 1000e1500 CE is
characterized by a ~10 cm oscillation after which regional non-
linear sea level rose to present. Studies of tide-gauge data noted
similar spatial structure in sea-level trends, at least on annual to
decadal timescales (e.g., McCarthy et al., 2015; Meade and Emery,
1971; Sallenger et al., 2012). We examine physical processes that
for three, latitudinally-organized regions along the Atlantic coast of North America. For
ne) and uncertainty (±1s; shaded envelope). (DeE) Spatial pattern of mean, non-linear
intervals. Note that scale differs among panels. CH¼ location of Cape Hatteras.
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could contribute to the coherent pattern of regional, non-linear
sea-level trends presented in Fig. 11.

Each of the three regions exhibits a sustained sea-level fall in the
period preceeding ~500 CE although the magnitude and rate of this
trend varies among regions (Fig. 11) and is greatest/fastest in the
southeastern United States. Over increasingly long periods of time,
the assumption that GIA is a linear process becomes weaker
because the GIA process is slowing down over multi-millennial
timescales during the Holocene (e.g., Clark et al., 1978). The fall-
ing sea-level trend, however, is not an effect of non-linear GIA
because this would produce an early regional-scale sea-level rise
that is larger at locations where the rate of GIA is faster. We
therefore, hypothesize that long-term cooling from the early to
mid-Holocene maxima (e.g., Marcott et al., 2013; Marsicek et al.,
2018) caused a corresponding (falling) steric sea-level change.
Observational data indicate that steric effects can produce a com-
plex pattern of regional-scale sea-level trends (e.g., Roemmich and
Gilson, 2009;Willis et al., 2004). Therefore, it is physically plausible
that the trend is considered a regional rather than global trend by
the spatio-temporal model.

Since ~500 CE, the three regions show different regional non-
linear sea-level trends (Fig. 11). Changes in the volume of the
Greenland Ice Sheet would produce a characteristic fingerprint of
sea-level change (e.g., Clark and Lingle, 1977; Hay et al., 2014;
Mitrovica et al., 2011) where distal locations experience a larger
sea-level change than locations closer to the ice sheet. For example,
the ratio of RSL change to global mean sea-level change caused by a
uniform loss of mass from the Greenland Ice Sheet is 0.7 at Fer-
nandina Beach in northeastern Florida, 0.4 at New London, Con-
necticut, and 0.0 at Argentia, Newfoundland (Kopp et al., 2014). The
latitudinal distribution of available RSL reconstructions is therefore
well suited to identifying the contribution (if sufficiently large) to
RSL changes from the evolving mass of the Greenland Ice Sheet.
However, the characteristic and tell-tale fingerprint was not
detected in our analysis (Fig. 11D). Although the behavior of the
Greenland Ice Sheet during the past ~3000 years is not well con-
strained (Alley et al., 2010), it likely advanced in response to cooling
temperatures (e.g., Marcott et al., 2013; PAGES2k, 2017) to reach a
peak in mass and size at the end of the Little Ice Age (Weidick et al.,
2004). For example, Long et al. (2012) interpreted RSL rise recon-
structed in central west Greenland as evidence for growth of the
Greenland Ice Sheet from 1300 CE to 1600 CE (these RSL re-
constructions are included in the dataset analyzed using the spatio-
temporal model). Melting of the Greenland Ice Sheet since the end
of the Little Ice Age (~1850 CE) returned mass to the global ocean,
although Long et al. (2012) propose that a slower rate of RSL rise
since 1600e1750 CE could indicate that mass loss began earlier. The
fingerprint of recent and accelerating mass loss is detectable on
annual timescales in recent GRACE data (Hsu and Velicogna, 2017),
but was not conclusively detected in a comparison of rates of RSL
estimated from tide gauges and nearby reconstructions spanning
the past ~3000 years (Engelhart et al., 2011). We therefore conclude
that regional-scale, non-linear sea-level trends during the past
~3000 years in the Western North Atlantic Ocean cannot be
adequately attributed to changes in the mass of the Greenland Ice
Sheet because the changes were too small and/or overprinted by
contributions from other processes.

Redistribution of existing ocean mass by changes in the position
and or/strength of prevailing winds and ocean currents can cause
dynamic sea-level trends that are regional in scale and act over
timescales from seasons to at least decades. For example, RSL ob-
servations from tide gauges coupled with measurements of
northward ocean transport at 26 �N from the RAPID array (e.g.,
Bryden et al., 2005; Cunningham et al., 2007; McCarthy et al., 2012)
indicated that a 30% reduction of ocean transport (from 18.5 Sv to
12.8 Sv) caused by wind forcing and stronger geostrophic flow over
the winter of 2009e2010 led to sea-level rise north of Cape Hat-
teras (Goddard et al., 2015). On decadal timescales, McCarthy et al.
(2015) used the difference in measured sea-level trends at sites to
the north and south of Cape Hatteras (Fig. 1A) as an index of the
strength of ocean circulation during the 20th century. These short
timeseries of direct observations and modeling studies indicate a
relatively large range of coastal sea-level sensitivity along the
Atlantic coast of North America to changes in meridional ocean
circulation (cm/Sv; e.g., Bingham and Hughes, 2009; Ezer, 2016;
Kuhlbrodt et al., 2007; Levermann et al., 2005). Our results show
that there was little difference in regional non-linear sea-level
trends to the north and south of Cape Hatteras for the period since
~1600 CE, which suggests that changes in ocean circulation were
too short-lived and/or small to cause a corresponding change in sea
level that was recorded by coastal sediment. In contrast, sea-level
trends during the period from ~1000 CE to ~1500 CE do exhibit a
notable difference between the northeastern and southeastern
United States (Fig. 11). At sites south of Cape Hatteras sea level rose
at 1000e1200 CE and then fell to ~1500 CE. This oscillationwas not
recorded at locations north of Cape Hatteras, which is suggestive of
a contribution from ocean dynamics. However, recent proxy,
instrumental, and modeling studies also show that AMOC strength
was stable until pronouncedweakening in the 20th century (Caesar
et al., 2018; Thornalley et al., 2018). Furthermore, the magnitude
(~0.1 m) and duration (multiple centuries) of the sea-level differ-
encewould require a correspondingly pronounced change in AMOC
strength and may not be physically plausible, unless it was asso-
ciated (cause or effect) with an amplifying process such as shifts in
prevailing winds. There is some evidence that prevailing patterns of
atmospheric circulation varied during the past ~2000 years from
proxy reconstructions of the North Atlantic Oscillation (e.g., Franke
et al., 2017; Ortega et al., 2015; Trouet et al., 2009). Although these
reconstructions contradict one another at certain times, there is
also some agreement among records that a positive phase of the
North Atlantic Oscillation was sustained over the period of
approximately 1100e1400 CE, which broadly coincides with the
noted differences in sea-level trends among regions on the Atlantic
coast of North America. However, similar spatial patterns of sea-
level change are not present at other times of sustained positive
phases in the North Atlantic Oscillation (e.g., 450e750 CE).
Importantly, the relationship between the state of the North
Atlantic Oscillation and RSL on the Atlantic coast of North America
(particularly as expressed by the difference between sites located to
the north and south of Cape Hatteras) is observed to vary
depending on the timescale and specific time window under
consideration (Kenigson et al., 2018; McCarthy et al., 2015; Piecuch
et al., 2016; Woodworth et al., 2017). Furthermore, Woodworth
et al. (2017) highlighted differences in the response of the open,
shelf, and coastal oceans to changing North Atlantic Oscillation,
which complicates understanding of how variability in the North
Atlantic Ocean is (or indeed is not) translated physically into sea-
level variability. Deciphering the role of ocean and atmospheric
circulation as drivers of sea-level change (particularly during the
past ~1000 years) is an avenue for future work that will likely
require a higher density network of RSL reconstructions than is
currently available.

6. Conclusions

Newfoundland is likely one of the most northerly locations in
the western Atlantic Oceanwhere salt-marsh sediment records RSL
rise during the past ~3000 years. It is therefore an important region
for reconstructing RSL to better understand the role of regional-
scale, non-linear processes as drivers of RSL change. We
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reconstructed RSL using foraminifera and testate amoebae pre-
served in cores of salt-marsh sediment at Big River and Placentia
that were dated using radiocarbon and recognition of pollution
horizons of known age and origin. Since approximately �1000 CE,
RSL rose by ~3.0m at Big River and ~1.5m at Placentia. Results from
a geotechnical model indicate that sediment compaction was
minimal and therefore not a primary driver of RSL trends. We used
a spatio-temporal model to decompose these RSL reconstructions
(alongside those in an expanded database) into contributions from
global, regional linear, regional non-linear, and local processes. The
global contribution confirms that the 20th century rate of rise was
the fastest century-scale trend of the past 3000 years (P>0.999).
Most of the reconstructed RSL rise in Newfoundland is attributed to
GIA. Only small local-scale contributions are needed to reconcile
RSL reconstructions and denoised RSL trends, although larger
contributions (particularly of short duration) can be accommodated
within the RSL records and Placentia in particular may have expe-
rienced larger local-scale trends than we estimate. Regional non-
linear sea-level in the western North Atlantic Ocean displays
spatially- and temporally-coherent trends that enabled us to
recognize three groups of sites (Canada, North of Cape Hatteras, and
South of Cape Hatteras). Trends within and among these groups
indicate that redistribution of existing ocean mass by currents and/
or winds likely contributed to reconstructed RSL trends.
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