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Salt marshes respond to sea-level rise through a series of complex and dynamic bio-physical feedbacks. In this
study, we found that sea-level rise triggered salt marsh habitat restructuring, with the associated vegetation
changes enhancing salt marsh elevation resilience. A continuous record of marsh elevation relative to sea level
that includes reconstruction of high-resolution, sub-decadal, marsh elevation over the past century, coupled with
a lower-resolution 1500-year record, revealed that relative sea-level rose 1.5 ± 0.4 m, following local glacial
isostatic adjustment (1.2 mm/yr). As sea-level rise has rapidly accelerated, the high marsh zone dropped 11 cm
within the tidal frame since 1932, leading to greater inundation and a shift to ﬂood- and salt-tolerant low marsh
species. Once the marsh platform fell to the elevation favored by low-marsh Spartina alterniﬂora, the elevation
stabilized relative to sea level. Currently low marsh accretion keeps pace with sea-level rise, while present day
high marsh zones that have not transitioned to low marsh have a vertical accretion deﬁcit. Greater biomass
productivity, and an expanding subsurface accommodation space favorable for salt marsh organic matter preservation, provide a positive feed-back between sea-level rise and marsh platform elevation. Carbon storage was
46 ± 28 g C/m2/yr from 550 to 1800 CE, increasing to 129 ± 50 g C/m2/yr in the last decade. Enhanced
carbon storage is controlled by vertical accretion rates, rather than soil carbon density, and is a direct response to
anthropogenic eustatic sea-level rise, ultimately providing a negative feedback on climate warming.

1. Introduction

and development, declining sediment supply, eutrophication, and accelerating relative sea-level rise (Deegan et al., 2012; Gedan et al.,
2009; Kirwan and Temmerman, 2009; Kroeger et al., 2017; Weston,
2014). Given this set of challenges, there remains a great deal of uncertainty regarding the capacity of salt marshes to persist in the Anthropocene under the predicted increases in the rate of global eustatic
sea-level rise (SLR; ∼8–16 mm/yr by 2100 (IPCC, 2014)), and whether
their long-term ability to store carbon and provide other ecosystem
services will be diminished (Gedan et al., 2009).
While there is evidence in both experimental treatments and environmental records that marsh drowning is ongoing, other marshes are

Coastal salt marshes are vital transitional environments that provide
key ecosystem services, including bird, ﬁsh, and animal habitat; storm
surge and erosion protection; and climate beneﬁts through long-term
carbon storage (Chmura et al., 2003; Morgan et al., 2009; Narayan
et al., 2017; Shepard et al., 2011). Complex feedbacks between ecology—plant production and decomposition—and geomorphology—sedimentation and erosion—have allowed globally extant salt marshes to
maintain platforms within a narrow elevation range relative to sea level
over thousands of years. However, they are vulnerable to coastal ﬁlling
∗
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transforming as salt- and ﬂood-tolerant low marsh species replace
shrinking high marsh ecosystems, and still others are keeping pace with
relative sea level rise (Beckett et al., 2016; Crosby et al., 2016; Donnelly
and Bertness, 2001; Kulawardhana et al., 2015; Smith, 2015; Watson
et al., 2017). Indeed, a recent review suggests that marsh vulnerability
has been overstated and that many marshes continue to aggrade
(Kirwan et al., 2016a). Both the loss of salt marsh area and the ecological shift to dominance of low marsh species across the marsh platform
has raised the question of whether these societally important ecological
systems will remain viable in the future and whether they will continue
to serve as important carbon stores (Chmura, 2013; Crosby et al., 2016;
Holmquist et al., 2018a). In an eﬀort to answer these questions, numerous models have attempted to determine marsh plant response to
relative sea-level rise, as well as the associated change in marsh platform accretion capacity (i.e. elevation gain) (Langley et al., 2013; Voss
et al., 2013), and to identify the threshold rate of relative sea-level rise
under which salt marsh submergence occurs (Kirwan and Mudd, 2012;
Morris and Bowden, 1986; Morris et al., 2002). Vegetation response to
increased inundation occurs quickly, on the scale of seasons to years
(Hanson et al., 2016; Langley et al., 2013; Watson et al., 2015), however the implications for long-term elevation resilience and carbon
burial associated with this vegetation shift are not fully understood,
particularly at the decadal and longer time scale.
This study was designed to evaluate how complex ecological feedbacks between relative sea level and habitat structure impact marsh
elevation resilience in the face of rising sea levels. Our study was
conducted in four fringing salt marshes in Cape Cod, MA, USA. Marsh
transgression, where low marsh species move in to locations previously
dominated by high marsh species, has been documented in these environments (Donnelly and Bertness, 2001; Smith, 2015). Prior to the
recent acceleration in relative sea-level rise, these marshes kept pace
with relative sea-level rise rates from ∼0.4 mm/yr to ∼1 mm/yr
(Nerem et al., 2018; Orson and Howes, 1992; Redﬁeld, 1972; Sallenger
et al., 2012). Marshes such as those studied here, with low tidal amplitude and minimal external sediment supply, are predicted to be
among the most vulnerable to sea-level rise, since accretion rates are
limited to the maximum rate of organic matter preservation (Balke
et al., 2016; Kearney and Turner, 2016). Thus, these systems may serve
as a symbolic “canary in the coal mine” for coastal wetland fate under a
regime of accelerating rates of relative sea-level rise.
In this study we ﬁrst present evidence from seven annual vegetation
surveys to determine if high marsh loss is occurring through low marsh
vegetation transgression. We construct sediment records of elevation
change over the past 1500 years from a series of nine sea level index
points (SLIPs) derived from foraminifera assemblages in AMS (accelerator mass spectrometry) 14C dated basal salt marsh peats, coupled
with high temporal resolution 210Pb age models covering the past
century at four microtidal salt marshes with low sediment supply. We
hypothesize that the marsh platform will lower within the tidal frame as
rates of relative sea-level rise outpace marsh accretion. Greater inundation will subsequently lead to low marsh vegetation transgression
into former high marsh habitat, enhancing marsh productivity and
accretion rates, and providing a positive feedback to sea-level rise and
thus greater elevation resilience for the entire marsh complex. We
further predict that if the marsh accretion rate keeps pace with relative
sea-level rise, the environment conducive to organic matter preservation will expand, enhancing carbon storage.

retreat approximately 23,000 years ago, was subsequently reworked by
ﬂuvial, coastal, and aeolian processes (Oldale, 1992; Uchupi et al.,
1996). The reworked outwash, kettle basins, and spring sapping valleys
provide the geologic framework for the back-barrier lagoon system
(Gutierrez et al., 2003; Maio et al., 2014). It was not until the past 5000
years that sea-levels stabilized enough to allow for the widespread
development of salt marshes on top of the reworked outwash sands of
Waquoit (Orson and Howes, 1992).
Mixed semidiurnal micro-tides, with a mean range of 0.4 m (Fig. 2),
protected locations within back-barrier lagoons, and the absence of
large rivers, results in minimal sediment supply to these marshes. The
current extent of the fringing salt marsh is discontinuous due to coastal
development, which has rapidly expanded over the past 70 years. At
present, the high marsh plant communities are dominated by Spartina
patens, Juncus gerardii and Distichlis spicata, while Spartina alterniﬂora
dominates the low marsh (Fig. 3) (Moseman-Valtierra et al., 2016). Salt
marsh peat thickness is typically 1–2 m, although some sites (Hamblin
Pond) have > 3 m of peat (Orson and Howes, 1992). The four marshes,
Sage Lot Pond (SLP), Hamblin Pond (HP), Eel Pond (EP), and Great
Pond (GP), included in this study vary in size and in density of residential development on their watersheds. Thus the associated estuaries exist along a nutrient-loading gradient (0.5, 2.9, 6.3 and 12.6 g N
m−2 y−1, Valiela et al. (2000)) (Fig. 1).
2.2. Core collection and processing
Sediment cores used for radiometric dating of salt marsh accretion
over the past century were collected from each of the four fringing
marshes in 2013 and 2014 (3 in SLP, 3 in HP, 2 in EP and 3 in GP,
Fig. 1, Table S1). For the 11 cores collected for 210Pb dating, the plastic
core liner (diameter 11 cm) was ﬁtted with a gasketed piston that was
placed on the sediment surface. The clear, sharpened core liner was
pushed down into the marsh subsurface, while tension on the piston
maintained it at the marsh surface. We visually observed the sediment
surface to ensure that the soil column did not compact during collection. Once the core reached the underlying coarse sediment interface
(except at HP, where the depth to the peat base was > 2 m), the core
liner and piston were removed from the marsh with a pulley system.
Total peat recovered ranged from 14 to 150 cm using this system. The
cores were split vertically, sampled at 1 cm intervals to 30 cm below soil
surface and 2 cm intervals thereafter, frozen, and then freeze-dried. Dry
bulk density was determined from the weight of the sediment section of
known volume after freeze-drying to constant weight.
A series of 18 additional cores were collected at SLP to capture the
subsurface contact between overlying high marsh peat and underlying
outwash sand, representing salt marsh transgression (Fig. 1, Table 1).
Cores were collected along a seaward to landward transect at nine locations approximately 3–5 m apart using a Russian peat corer to limit
compaction at sites that are currently in the low marsh but were previous locations of the high marsh boundary (Fig. 1). Duplicate overlapping cores were collected to ensure preservation of the basal contact.
The cores were transported to the lab in PVC casing and refrigerated at
7 °C.
2.3. Short-lived radiometric dating
Approximately 5 g of dried peat was homogenized and placed on a
planar-type gamma counter for 24–48 h to measure 7Be, 137Cs, 210Pb,
and 226Ra at 477, 661.6, 46.5 and 352 KeV energies respectively
(Canberra Inc., USA). Detector eﬃciency was determined from the U.S.
Environmental Protection Agency standard pitchblende ore in the same
geometry as the samples. Activities of 7Be, 137Cs, and 210Pb were decay
corrected to time of collection. Suppression of low energy peaks by selfabsorption was corrected for (Cutshall et al., 1983). Detection limit for
excess 210Pb was 0.05 dpm g−1. A 0.5 g aliquot of sediment was further
ground in a ball mill and then analyzed for carbon (C) concentration

2. Materials and methods
2.1. Study area
Our study was conducted in fringing salt marshes along the southern
shore of Cape Cod, Massachusetts, USA within the Waquoit Bay estuarine system (41.5°N, 70.5°W, Fig. 1). Sand and gravel outwash deposited during the melting of the Laurentide Ice Sheet, which began its
57
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Fig. 1. Location map, vegetation zones, and location of ﬁeld sampling for the four salt marshes in this study. The top right panel indicates the extent of salt marsh
ecosystems in the area. High marsh species include S. patens, J. gerardii and D. spicata, while S. alterniﬂora dominates the low marsh. Squares indicate where biomass
and vegetation sampling occurred in Sage Lot Pond. Triangles indicate where cores collected for 210Pb age models were collected in all four marshes. Circles indicate
locations of basal peat collection for 14C age dating.

and δ13C at the U.C. Davis Stable Isotope Facility with an Elementar
Vario EL Cube or Micro Cube elemental analyzer (Elementar Analysensysteme, Germany) interfaced to a PDZ Europa 20-20 isotope ratio
mass spectrometer (Sercon Ltd., UK).
Sediment ages and accretion rates for the past century were calculated with the continuous rate of supply 210Pb age model, a variant on
the advection-decay equation (Appleby and Oldﬁeld, 1978). This model
assumes that 210Pb supply to the sediment surface is constant through
time, but allows for changing sedimentation rates, in addition to decay,
to control the down-core activity of 210Pb. Thus, this model was used to
provide suﬃcient temporal resolution to assess decadal scale changes
over the past century in these marshes. The common form of the continuous rate of supply model as derived by Appleby and Oldﬁeld (1978)

solves for age t based on the distribution of 210Pb in the sediment record. Prior to application of the age model, 210Pb proﬁles were evaluated to ensure they were suﬃciently resolved to apply the continuous
rate of supply model without bias towards ages that are too old or accretion rates that are too low at depth (Binford, 1990).
2.4. Radiocarbon dating
Plant macrofossils were sampled at the sandy peat transition zone
between the basal sand and continuous peat, typically between 1 and
8 cm above the actual basal contact as observed in core logs. Assuming
the basal peat sampled represents the establishment of the high marsh
surface at the sampled elevation, and that there is limited peat
58

Estuarine, Coastal and Shelf Science 217 (2019) 56–68

M.E. Gonneea et al.

Fig. 2. (Right) Tidal datums corrected for Sage Lot Pond
(SLP, blue) based on nearby Woods Hole NOAA station
8,447,930 (green) for the 1983–2001 National Tidal Datum
Epoch. (Left) Monthly means are used when calculating
tidal datums, but lapses in data collection led to gaps in
sampling. Only months with 95% data collection were used,
and each month was sampled at least once over the six-year
period.

Fig. 3. a) Species cover in 2013 at Sage Lot Pond across marsh elevation relative to mean sea level (MSL) in 2013. Species distributions models are shown in shaded
hyperbolas as a function of elevation. b) Vegetation cover trends from 2011 to 2016. All high marsh species, S. patens, J. gerardii and D. spicata, are summed together
and show a decreasing, but insigniﬁcant trend. c) Stem density by species indicates that S. patens has undergone a signiﬁcant (thick line, r2 = 0.87, p < 0.05)
reduction over the 6 years. J. gerardii density has increased, but not signiﬁcantly (r2 = 0.29, p = 0.27).

compression at the basal contact, its 14C age and sampled elevation can
be used as a proxy for the paleo-high marsh surface (Engelhart and
Horton, 2012; Hawkes et al., 2016). Rhizomes, which grow directly
below the marsh surface, belonging to the high marsh species S. patens,
J. gerardii and D. spicata, were identiﬁed based on the key provided by
Niering et al. (1977), cleaned with deionized water, and subsampled
under a dissecting microscope. Seventeen samples were submitted to
the National Ocean Science Accelerator Mass Spectrometry facility at
the Woods Hole Oceanographic Institution for 14C AMS dating. All organic-derived 14C ages were calibrated using Calib version 7.0.1 with
the IntCal13 calibration data set (Reimer et al., 2009) and are here
reported in median calibrated years before present and median

calibrated years with a 2 sigma (2σ) range of uncertainty.

2.5. Foraminifera sampling and relative sea-level reconstruction
Basal peat cores were processed for foraminiferal analysis by ﬁrst
identifying the basal stratigraphic contact between Pleistocene sand
and overlying initial salt marsh development assumed to be high marsh
peat. Iterative sampling from the contact up-core was done until foraminifera were of suﬃcient abundance to reasonably determine that
the assemblages were in situ. Foraminiferal sediment samples (2 cm3)
were sieved through 500 and 63 μm sieves to isolate foraminiferal
bearing sediments and avoid clays, silts, and larger organics. Dead
59
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Table 1
Lab No.

OS-109781
OS-109782
OS-109957
OS-109784
OS-109780
OS-109961
OS-109778
OS-109783
OS-109959
OS-109777
OS-109956
OS-109960
OS-109774
OS-109958
OS-109775
OS-109779
OS-109724

Latitude °N

Longitude °W

41.55479
41.55479
41.5548
41.55481
41.55481
41.5548
41.5548
41.5548
41.55481
41.55481
41.55481
41.55481
41.55481
41.55485
41.55483
41.55485
41.55483

−70.5065
−70.5065
−70.5066
−70.5067
−70.5067
−70.5068
−70.5068
−70.5068
−70.5068
−70.5068
−70.5068
−70.5069
−70.5069
−70.5071
−70.507
−70.5071
−70.507

Depth in
Core (cm)

Depth
NAVD88
(cm)

34
40
43
52
58
68
78
85
98
105
109
118
125
31
138
148
151

−18
−24
−29
−45
−51
−55
−65
−72
−88
−95
−99
−106
−113
−134
−126
−151
−142

14

C Age (years)

100 ± 25
190 ± 20
180 ± 20
370 ± 20
470 ± 20
580 ± 20
660 ± 25
620 ± 20
905 ± 20
970 ± 20
950 ± 20
1180 ± 45
970 ± 25
1260 ± 30
1240 ± 20
1500 ± 20
1240 ± 20

2σ cal BP Median
Prob. (years)

2σ cal AD Median
Prob. (years)

δ13C ‰

Δ14C

Material
Dated

RSL Point

110 ± 32
178 ± 37
183 ± 36
447 ± 52
516 ± 20
607 ± 34
611 ± 60
599 ± 57
854 ± 65
861 ± 70
852 ± 23
1109 ± 76
860 ± 73
1218 ± 63
1211 ± 52
1380 ± 33
1211 ± 52

1840 ± 32
1772 ± 37
1767 ± 36
1503 ± 52
1434 ± 20
1343 ± 34
1339 ± 60
1351 ± 57
1096 ± 65
1089 ± 70
1098 ± 23
841 ± 76
1090 ± 73
732 ± 63
739 ± 52
570 ± 33
739 ± 52

−11.9
−25
−16.25
−11.74
−13.27
−12.73
−13.44
−11.74
−12.75
−25.33
−23.79
−25.39
−11.81
−24.04
−23.57
−25.16
−23.51

−19.87
−30.6
−29.55
−52.34
−63.75
−76.83
−85.8
−81.35
−113.4
−120.4
−118.5
−142.9
−120.4
−151.9
−149.2
−177
−149.5

S. patens
S. patens
S. patens
S. patens
D. spicata
D. spicata
D. spicata
S. patens
D. spicata
D. spicata
bulk
bulk
D. spicata
bulk
J. gerardii
D. spicata
J. gerardii

SLIP
SLIP
SLIP
SLIP
Limit
SLIP
Limit
SLIP
SLIP
SLIP
Limit
Limit
Limit
Limit
Limit
Limit
SLIP

2.6. Vegetation sampling

foraminifera were counted and identiﬁed to species level using a binocular microscope. Total foraminiferal abundances in the base of basal
and basal peats varied from 62 to 305 individuals with between one and
three species. Only samples with suﬃcient foraminifera and adjacent
radiocarbon samples were used to produce a sea level index point in
each basal core. Additionally, we counted foraminifera in surrounding
samples to establish that the assemblage was representative of the
prevailing environmental conditions at the time the sediment was deposited.
A standard approach to the development of SLIPs was used, which
allows for the estimation of the elevation of former sea-level in relative
time and space with associated uncertainties (Engelhart and Horton,
2012). Here, we use salt marsh foraminifera as a proxy sea-level indicator because of their well-established relationship with the frequency and duration of tidal exposure, resulting in the elevational
zoning of foraminifera assemblages from the upland to the tidal ﬂats
(e.g., Edwards et al., 2004; Kemp et al., 2017). The range of tidal elevation over which a particular sea-level indicator forms is called the
indicative meaning, which contains a midpoint termed the reference
water level and an indicative range which references the upper and
lower elevation of the indicator (van de Plassche, 1986; Woodroﬀe and
Barlow, 2015). Relative sea level is then reconstructed by assigning a
reference water level and indicative range to each paleo assemblage
based on their similarity to modern assemblages. Ecological zonation of
foraminifera assemblages is comparable across diﬀerent climates,
marsh ﬂora, and tidal ranges along the Atlantic coast of North America,
resulting in low marsh foraminifera assemblages assigned elevations
between mean tide level (MTL) and mean high water (MHW) and high
marsh assemblages elevations between MHW and highest astronomical
tide (HAT) (Kemp et al., 2017).
To determine relative sea-level trends through time, the SLIPs presented here were integrated with decadally averaged tide gauge data
from Woods Hole (1932–2015) within an Errors-In-Variables Integrated
Gaussian Process (EIV-IGP) model (Cahill et al., 2015). The EIV-IGP
model takes into account both the vertical (tidal frame) and temporal
(radiocarbon age) uncertainties associated with individual SLIPs and
also accounts for their uneven spacing through time (Hawkes et al.,
2016). The EIV-IGP model uses a Gaussian process to model the evolution of the rates of sea-level change throughout the observation time
period (Williams and Rasmussen, 1996). The sea-level process is derived from the rate process as the integral of the Gaussian process plus
measured and estimated vertical uncertainty. Time measurement uncertainties are accounted for through setting the model in an EIV framework (Dey et al., 2000).

The Waquoit Bay National Estuarine Research Reserve conducts
yearly vegetation surveys at Sage Lot Pond (NOAA NERRS, 2017).
Three transects (130–155 m) across the sediment core collection area
were sampled every ∼10 m over an elevation gradient of 90 cm from
the high to low marsh (Fig. 1). Plots (1 m2 quadrat) were permanently
installed in 2011 and sampled annually in August. Vegetation distribution parameters measured include: percent cover by species to 1%
if less than 15%, otherwise to 5%, with all ground cover summing to
100%, and bare sediment and wrack included in the unvegetated sediment category (overstory vegetation is not included); stem count in a
0.01 m2 subplot; and canopy height (S. alterniﬂora only), deﬁned as the
horizontal plane of 4/5 of the plants (2011–2014) or the three individual plants closest to each of the four quadrat corners (2015–2016).
2.7. Elevation control and tidal datums
The marsh surface elevations at the core collection sites and vegetation plots were surveyed with a Trimble Real-Time Kinematic
Geographic Positioning System. All data was projected to NAD 1983
Massachusetts State Plane FIPS 2001 and elevations are given relative
to NAVD88 with an elevation accuracy of 2–3 cm. In order to determine
local tidal datums, an RTK GPS-surveyed sensor collected water levels
at Sage Lot Pond from January 2012 through December 2016. The local
tidal datum was determined by tying monthly mean datums to the
nearby Woods Hole station 8,447,930 using the modiﬁed-range ratio
method for semidiurnal tides (NOAA, 2003). The resulting datums are
corrected to the 1983–2001 National Tidal Datum Epoch, and include
MSL, MHW, and the HAT that is predicted over the epoch (Fig. 2). Sage
Lot Pond experienced nearly the same MSL (−0.117 m NAVD88) as
Woods Hole with a smaller mean range of 0.442 m, MHW of 0.094 m,
and HAT of 0.463 m. Water level data lapses occurred, especially during
winter, so only months with 95% data collection were used. To test
whether this seasonal sampling introduced signiﬁcant bias, lapses in
data collection were applied to Woods Hole station measurements, resulting in higher means by 1.3 cm on average. This bias is less than the
estimated generalized error of these datum calculations (1.52 cm), thus
the latter error is considered an appropriate, conservative estimate.
3. Results
3.1. Modern plant community structure and elevation
Six years of annual vegetation surveys reveal that across the 0.9 m
60
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(Fig. 4). Notably, over the past century, average accretion in the high
marsh increased by 1.3 mm/yr, compared to a 1.9 ± 1.8 mm/yr increase in the low marsh. This soil core data is available in an accompanying data release through the U.S. Geological Survey ScienceBase
(Gonneea et al., 2018).

elevation gradient at the SLP marsh, S. alterniﬂora dominates at low
elevation, −0.15–0.30 m relative to MSL in 2013 (−0.0337 m
NAVD88), while at higher elevations, D. spicata and J. gerardii had a
slightly lower elevation preference (0–0.70 m above MSL) than S. patens
(0–0.90 m above MSL, Fig. 3). The elevation distribution of each species
was deﬁned by ﬁtting a hyperbola to the maximum vegetation cover
observed at each elevation and is used only to demonstrate the preferred elevation of the high and low marsh species relative to MSL
(2013 data shown in Fig. 3a). Over this time, within the high marsh
elevation zone, there is a slight, but not signiﬁcant, decrease in percent
cover of combined high marsh species from 29 to 23% (r2 = 0.64,
p = 0.06, Fig. 3b), while there is no signiﬁcant trend in either S. alterniﬂora (r2 = 0.07, p = 0.61) or unvegetated sediment (r2 = 0.07,
p = 0.62) cover. Within the high marsh elevation zone, stem density
signiﬁcantly declined for S. patens (r2 = 0.87, p < 0.05, Fig. 3c), with a
concurrent, but not signiﬁcant, increase in J. gerardii, (r2 = 0.29,
p = 0.27, Fig. 3c), which has a lower elevation preference.

3.4. Relative sea-level reconstruction and paleomarsh accretion rates
To develop a RSL curve to assess marsh response and compare paleo
to modern rates of change, a total of nine sea level index points and
eight terrestrial limit points spanning the last ∼1500 years were developed from measured 14C dates of basal peat, foraminiferal assemblages, and associated sample elevations (110 y before present (−18 cm
NAVD88) to 1380 y before present (−151 cm NAVD88) (Table 1)). The
SLIPs included seven base of basal peat (< 5 cm above the sand contact) and two basal peat (> 5 cm above the sand contact) samples
distributed over an elevation range of 1.24 m (Fig. 5). All foraminiferal
assemblages (Haplophragmoides sp., Jadammina macrescens, and Trochammina inﬂata) represent a high marsh ecological zone (MHW to
HAT), with an indicative range of ± 0.18 m based on the tidal datum
and modern assemblages, resulting in a total elevation uncertainty
of ± 0.24 m (Figs. 2 & 5A, Table 1) (Edwards et al., 2004; Kemp et al.,
2015). In 8 cases, the basal peat samples were absent of foraminifera,
with 4 containing thecamoebians, a fresh water testate amoeba (Kemp
et al., 2017), so these serve as terrestrial limiting points that indicate an
environment above the tidal frame (> HAT).
The 9 SLIPs, 8 terrestrial limiting points, and decadally-averaged
Woods Hole tide gauge data (1932–2015) were integrated within an
EIV-IGP model (Cahill et al., 2015) to produce a record of RSL spanning
the period between 557 and 2015 CE (Fig. 5B). There was a
1.5 ± 0.4 m rise in RSL during this period (Fig. 5C). The mean rate of
relative sea-level rise for the 1200-years prior to 1850 was
0.9 ± 0.2 mm/yr, with the rates dipping to ∼0.6 mm/yr from 1400 to
1600. Between 1850 and 2015, sea level rose at a rate of 2.3 mm/yr,
with maximum rates (3.2 mm/yr) occurring in the past decade.

3.2. Bulk sediment core properties
A series of one-way ANOVA tests were conducted to evaluate differences (dry bulk density (DBD), weight % C, and C density) between
the 11 cores from 4 marsh sites (cores identiﬁed A, B or C; Figs. 1 and
4). Mean core DBD ranged from 0.13 to 0.17 g/cm3; core HBC was the
only one signiﬁcantly lower than the other cores (p < 0.05; Table S2).
The Hamblin Pond cores (HBA, HBB, and HBC) had higher weight % C
(mean range 27.4–33.9%) than all other cores (16.0–25.9%) except
EPA (28.1%) (Table S3). Mean C density, the product of DBD and
weight % C, ranged from 31.8 to 44.6 kg/m3, with GPB having signiﬁcantly lower carbon density than Hamblin Pond cores and EPB
(Table S4).
Down-core trends were evaluated with linear regression analysis.
Only four cores had signiﬁcant (p < 0.05) down core trends in dry
bulk density: SLPA increases (0.14–0.21 g/cm3), while in SLPC
(0.16–0.13 g/cm3), GPA (0.20–0.11 g/cm3), and HBA (0.20–0.12 g/
cm3) decreases with depth. Notably, all but four cores have signiﬁcant
increases in weight % C down core (Table S5). However, while the
trend in the high marsh transition core (SLPB) was not signiﬁcant
(p = 0.051), weight % C decreased steeply with depth from 30% to 7%
at the base of the peat (11 cm). There were only three cores with signiﬁcant down-core trends in carbon density, the product of DBD and
weight % C: SLPA (33.2–66.5 kg/m3) and HBC (36.5–46.8 kg/m3) increase with depth, while EPB (47.6–35.8 kg/m3) decreases (Table S5).

3.5. Carbon storage rates
Carbon storage rate refers to the amount of carbon stored per year in
salt marsh sediment of various ages. Carbon storage was calculated
from carbon density and vertical accretion rates and was evaluated
every 2 cm over the past century based on 210Pb chronology (Table S7).
Carbon storage was determined at lower resolution (two to 10 cm) to
557 CE with accretion rates and ages from the EIV-IGP model, assuming
that marsh accretion was equivalent to relative sea-level rise. Carbon
storage rates from 557 to 1800 CE were 39 ± 14 g C/m2/yr, with an
increase to 63 ± 18 g C/m2/yr in the century from 1800 to 1900
(Fig. 4). Carbon storage has continued to accelerate, with rates in locations that are now low marsh reaching 76 ± 33 g C/m2/yr from
1900 to 1910 and 129 ± 50 g C/m2/yr from 2005 to 2015. At the same
time, there has been little change in carbon storage rates at locations
that are presently the high marsh transition zone (SLPB, 1900–1910:
85 ± 36 g C/m2/yr; 2005–2015: 66 ± 11 g C/m2/yr). There is a
minimum in carbon storage in the high marsh transition zone during
the 1930–40's associated with low carbon content in the sediments.
However, a multiple linear regression analysis of soil carbon density,
accretion rate, and carbon storage rates indicates that vertical accretion
rates exert ∼6.5 times greater control on carbon storage rates than does
sediment carbon density (Type III Sum of Squares eﬀect size, AR = 186,
C density = 33). Thus, accretion rates exert the dominant control on
carbon storage rates in these salt marshes.

3.3. Sediment accretion over the past century
The age and accretion rate for each 1 cm section was determined
with the continuous rate of supply model from unsupported 210Pb sediment activities and sediment density (Fig. 4) (Appleby and Oldﬁeld,
1978). The past century of deposition reaches from the surface to a
depth of 24–29 cm in the low marsh and to 11 cm at the high marsh
transition site (SLPB). Accretion rates are highly variable (n = 310 in
11 cores), with a range of 0.8–9.7 mm/yr. The ten cores from the area
that is now low marsh at all four sites are not statistically diﬀerent from
each other, based on one-way ANOVA tests, so all ten cores have been
merged to create a uniﬁed record of accretion over the past century
(Fig. 4). At these four marsh sites, there is a steady rise in accretion
rates since 1900. For example, in the decade from 2005 to 2015, mean
accretion rates across all low marsh sites were 4.2 ± 1.5 mm/yr,
compared to 2.3 ± 1.0 mm/yr in the decade from 1900 to 1910, with
uncertainty ( ± ) expressed as the standard deviation of all measurements for each treatment. However, accretion rates in the Sage Lot
Pond high marsh transition zone core (SLPB) were statistically disparate from low marsh rates. At this site, there were much lower accretion rates over the same two decades, 0.8 mm/yr in the ﬁrst decade
of the 20th century, compared to 2.1 mm/yr in the most recent decade
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Fig. 4. Dry bulk density, weight % C, C density, accretion rate, and carbon storage through time. In all plots, red symbols are the high marsh transition zone core
(SLPB). Accretion rates prior to 1900 are based on EIV-IGP modeling of SLIP 14C dates and elevations. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)

4. Discussion

VM5a), the current rate of coastal subsidence at our study site is
1.2 mm/yr and has been relatively constant over the past 5000 years
(Peltier et al., 2015). Thus, prior to 1850, the primary driver of relative
sea-level rise along the U.S. Atlantic coast was land-level changes associated with spatially-variable GIA, as diﬀerences between these two
rates (0.9 ± 0.2 mm/yr and 1.2 mm/yr) are within the uncertainties of
both models (Engelhart et al., 2011; Peltier et al., 2015). The recent
acceleration in relative sea-level rise since 1850 can be attributed to the
thermal expansion of ocean water, melting of land ice, and changes to
ocean circulation patterns (Rietbroek et al., 2016; Yin et al., 2009).
From 1850 to 2015, sea-level rose 2.3 mm/yr with a maximum rate
(3.2 mm/yr) occurring in the last decade. These rates represent nearly a
threefold increase over the previous 1500 years and provide the catalyst
for ecological shifts in salt marsh structure over the past century.

4.1. Relative sea-level history
For the majority of the nearly 1500-year record, relative sea-level
rise was relatively stable at 0.9 ± 0.2 mm/yr (Fig. 5). This late Holocene stability has been documented in numerous other sea-level reconstructions (e.g., Donnelly, 2006; Kemp et al., 2017). The accretion
of the paleo high marsh surface is inferred to mirror this rate and was
slowly transgressing landward and upward throughout the late Holocene (Fig. 6). The collapse of the Laurentide Ice Sheet proglacial forebulge after the last glacial maximum led to coastal subsidence from
Maine to Florida, with the ongoing glacial isostatic adjustment (GIA)
rate varying spatially with distance from the former center of the ice
sheet (Barnhardt et al., 1995; Engelhart et al., 2009; Hawkes et al.,
2016). According to the predictions from the ICE-6G model (version
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Fig. 5. Relative sea-level reconstruction for Sage Lot
Pond marsh. A) 9 Sage Lot SLIPs and 8 Sage Lot
limiting points shown with 2 sigma vertical and
temporal uncertainty window (rectangles). Key to
data type in lower right. B) Modeled relative sea level
record (yellow) relative to NAVD88 shown with 68%
(light blue) and 95% (dark blue) conﬁdence intervals. Midpoints of SLIPs and limiting data shown
with tan circles. Data key is shown at bottom. C)
Median probability rate of relative sea-level rise
(yellow line) shown with 68% (light gray) and 95%
(dark gray) conﬁdence intervals. Red dashed line
shows rate of rise recorded at Woods Hole tide gauge
since 1932. Gray dashed line marks the background
GIA. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the Web
version of this article.)

stem density to be driven by increased inundation beyond this species’
preferred ﬂooding and salt tolerance regime.
Prior to 1850 the rate of high marsh vertical accretion closely
mirrored the rate of relative sea-level rise, supporting lateral marsh
expansion into adjacent coastal forests. Since 1932 (Woods Hole tide
gauge established), the high marsh transition zone has lost 11.4 cm of
elevation capital relative to sea level. Elevation capital loss rates of
1.4 mm/yr indicate that the high marsh cannot maintain lateral transgression at a suﬃcient pace to maintain the paleo marsh habitat
structure. In addition, this is likely an underestimate of total elevation
capital lost since the onset of acceleration in relative sea-level rise, as
this study, and others, document the acceleration beginning as early as
1860 (Kemp et al., 2017). However, we conﬁne this analysis to the

4.2. Marsh transgression
Vegetation surveys conducted yearly from 2011 to 2016 at Sage Lot
Pond oﬀer some direct evidence of low marsh species transgression into
former high marsh regions. A dramatic decrease in S. patens stem
density in the high marsh zone (2825 ± 2720 to 720 ± 755 stems/
m2, r2 = 0.87, p < 0.05, Fig. 3) occurred over six years, coincident
with a non-signiﬁcant decrease in total high marsh species coverage
(29–23%, r2 = 0.64, p = 0.06). While there was no concurrent increase
in low marsh species coverage in the high marsh, such an increase has
been observed over the past several decades in similar fringing marshes
in Rhode Island (Donnelly and Bertness, 2001; Raposa et al., 2017) and
Massachusetts (Smith, 2015). We interpret this decrease in S. patens
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Fig. 6. Conceptual model of paleo and modern
marsh proﬁles. The marsh platform is built on
Pleistocene outwash sands, initially overlaid by high
marsh peat, followed by a slow rate of transition to
low marsh. During the late Holocene relative sea
level rose at a rate of approximately 1.1 mm/yr, resulting in a relatively stable marsh surface dominated by high marsh plant communities. In the
modern marsh, a current rate of relative sea-level
rise of 3.2 mm/yr results in transgression of low
marsh vegetation over the past high marsh. The high
marsh is unable to keep up with the current rate of
eustatic sea-level rise and has lost elevation within
the tidal frame, leading to a loss in its spatial extent
concurrent with replacement by low marsh. Factors
leading to the resilience of the low marsh include
increased biomass production and preservation in
conjunction with increased mineral deposition.

the subsequent 41 years, the marsh platform elevation relative to MSL
stabilized, and in 7 of the 10 low marsh cores, regained elevation capital at relative rates of 0.06–1.3 mm/yr, with accretion rates of
3.4 ± 0.7 mm/yr on average, matching, and potentially slightly outpacing, the Woods Hole instrumental relative sea-level rise rate of
3.2 mm/yr. Three low marsh cores (GPA, HPA, EPB) continued to lose
elevation capital at rates of 0.2–0.4 mm/yr. One potential reason these
cores continued to lose elevation is that they are lower in the tidal
frame, so that increased inundation results in reduced, rather than
enhanced, biomass productivity, and thus are responding negatively to
sea-level rise (Table S1). These portions of the marsh would potentially
be identiﬁed as areas to monitor for future elevation loss.
Notably, there were no signiﬁcant trends in accretion response

period of instrumented sea level records. From this, we predict that the
total area of high marsh habitat is declining while low marsh habitat
transgresses landward, restructuring the ecological zones across the
marsh platform.
The accretion response of the low marsh has been more dynamic. A
segmented regression analysis of relative marsh elevation indicates that
from 1932 to 1974, the area that is now low marsh also lost elevation at
rates between 0.03 and 0.6 mm/yr, for a total elevation capital loss of
0.2–4.1 cm in 42 years. After 1974, the marsh transitioned to elevation
stability and recovery relative to mean sea-level (Fig. 7). This period of
elevation stability occurs when the marsh platform reaches the relative
elevation where vegetation surveys indicate S. alterniﬂora dominates
marsh vegetation (for this site ∼17 cm above MSL, Figs. 3 and 7). For

Fig. 7. The position of the marsh surface relative to mean sea level (MSL) is a key driver of important biogeophysical feedbacks. On the left side of the panel, the
observed elevation zones of high and low marsh vegetation are indicated relative to MSL. In the middle, the marsh surface elevation within the tidal frame over the
past century is shown for current low marsh (10 cores) and the high marsh transition zone (SLPB, 1 core). The high marsh transition zone has steadily lost elevation
within the tidal frame, while the present-day low marsh sites have had a more dynamic response. At right, the marsh accretion response relative to sea-level rise is
shown. From 1932 to 1974, the marsh platform lost elevation within the tidal frame (red zone), while since 1974, elevation of many of the modern-day low marsh
sites have stabilized. Once the marsh elevation reaches the zone where low marsh vegetation dominates (dashed gray line), the elevation change rate becomes
positive (blue zone) and the marsh regains elevation within the tidal frame. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the Web version of this article.)
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regimes and through time. Seven of the ten low marsh cores have signiﬁcant increases in weight % C with depth. If conditions when the peat
was formed in the past are comparable to those now, this ﬁnding suggests that organic matter at depth is not undergoing continual remineralization and loss in these cores. DBD, which we expect to increase over time with autocompaction and remineralization (Cahoon
et al., 1995; Day et al., 2011), only increases signiﬁcantly in one core
(SLPA), while in three cores, DBD signiﬁcantly decreases (SLPC, GPA,
HBA) (Table S5). Conversely, weight % C in the high marsh transition
core (SLPB) drops from 30 at the surface to 7% at depth, with only a
slight increase in density (0.14–0.17 g/cm3); neither trend is signiﬁcant,
however, likely due in part to the limited number of samples over the
14-cm peat transition proﬁle (n = 6 for weight % C, n = 10 for DBD).
If productivity over the entire history of the high marsh transition
zone core was similar to the present day, then ongoing decomposition
within the short, infrequently ﬂooded peat proﬁle may be responsible
for the recent trend of greater accretion rates in the high marsh. Using a
two-end member sediment mixing model (Morris et al., 2016), it is
possible to predict soil volume losses from changes in DBD and organic
matter content, with the following assumptions: 1) each fraction has a
ﬁxed density (organic matter: 0.085 g/cm3 and mineral matter: 1.99 g/
cm3), 2) only organic matter is lost during decomposition, and 3)
changes in organic matter content are due only to decomposition, not
variable organic matter input and storage rates. The last assumption is
unlikely to be met given the dynamic environmental conditions that
have occurred over the past century in salt marshes; however, it oﬀers a
conservative approach to evaluating whether these soil records reﬂect
real changes in accretion and carbon storage versus the signature of
decomposition, since we assume all reduction in organic matter results
in lost soil volume, rather than changes in organic matter reﬂecting
environmental and depositional diﬀerences through time.
In the high marsh transition zone core (SLPB) down-core DBD increases by 21% (0.14–0.17 g/cm3), while weight % C decreases by 77%
(30–7%). Based on these measurements, the soil volume associated
with organic matter is 65% greater at the top of the core compared to
the bottom. Likewise, accretion rates are 62% greater at the surface
compared to rates at depth (2.1–0.8 mm/yr). Thus, the entire observed
accretion rate diﬀerence can be accounted for via loss of organic matter
volume at depth. Moreover, it is possible that the accretion rate increase is a transient feature within the sediment column and may not
yield sustained elevation gains. The environmental conditions in the
high marsh transition zone, including less frequent ﬂooding and greater
oxygen exposure, result in continual degradation and compaction of
organic matter in shallow peat.
For the low marsh, however, the observed accretion rate increase is
interpreted as a persistent feature driven by acceleration in the rate of
relative sea-level rise, as discussed below. In low marsh proﬁles, most of
the signiﬁcant down-core trends are opposite those observed in the high
marsh, with higher weight % C and lower DBD at depth. However, in
the soil mixing model described by Morris et al. (2016), large changes
in organic content occur over a narrow DBD range (0.1–0.2 g/cm3), that
may be diﬃcult to resolve reliably. Thus there can be a relatively large
soil volume loss associated with organic matter remineralization, while
dry bulk density is nearly unchanged (Morris et al., 2016). We evaluate
the sensitivity of the modeled soil volume loss compared to the observed low marsh variability (interquartile range, 25–75% of all measurements) in DBD (0.03 g/cm3) and weight% C (3%). The soil mixing
model predicts that a density change of 0.03 g/cm3 can result in soil
volume variability of 25–50% for soils with a weight % C of 25–35%,
while change of 3 wt % C would be associated with a 10–15% range in
soil volume. The precision of the carbon analysis is much better than
the DBD measurement, and likely provides a more accurate assessment
of the maximum potential changes in organic matter content, if the
entire interquartile range of observations (i.e. DBD: 0.03 g/cm3 and
weight% C: 3%) has occurred in a non-detected down-core trend. A
10–15% reduction in soil volume would only account for an apparent

between the four marshes, despite their twenty-fold diﬀerence in nitrogen loading rates. Thus, nitrogen loading does not appear to be a
primary control on accretion rates or carbon storage in these systems,
unlike ﬁeld experiments that indicate a positive accretion response to
nitrogen fertilization (Davis et al., 2017; Fox et al., 2012). This may be
potentially due to the manner of nitrogen loading, which in these estuaries occurs mainly through atmospheric deposition and groundwater
inputs to the estuary, with nitrogen likely taken up within the estuary
and transformed to particulate or dissolved organic nitrogen forms
prior to entering the salt marsh system through tidal exchange (Valiela
et al., 2016). This is in contrast to experimental nitrogen-loading
treatments that directly add inorganic nitrogen to salt marsh systems, or
add nitrogen at higher rates.
Low marsh vegetation succession resulted in enhanced elevation
building capacity for the marsh platform. We explore three potential
mechanisms for the observed elevation recovery following vegetation
succession, including 1) enhanced biomass production as low marsh
species dominate the platform, 2) diﬀerential rates of organic matter
preservation at the two elevation zones and at diﬀerent peat depths and
ages, and 3) enhanced mineral deposition. All three processes could
result in elevation gains within salt marshes, which derive their volume
from both organic and mineral matter.
4.2.1. Role of biomass production on elevation resilience
The uptick in accretion rates begins around 1974 as the marsh
platform reaches the elevation within the tidal frame where S. alterniﬂora dominates over high marsh species (Fig. 7). Biomass production in
the S. alterniﬂora-dominated low marsh was 105% greater than the high
marsh (above ground: (low) 657 ± 133 g C/m2, (high) 516 ± 82 g C/
m2; below ground: (low) 5750 g C/m2, (high) 2605 g C/m2 (MosemanValtierra et al., 2016)). If peat organic matter storage is sourced solely
from below ground biomass (Nyman et al., 2006), then the low marsh
region has a much greater capacity to not only bury carbon, but to gain
elevation through organic matter storage, since, in peat marshes, organic material is the main contributor to elevation (Morris et al., 2016;
Nyman et al., 2006). Assuming the preservation rate, or the fraction of
annual biomass production that is preserved in peat, is constant across
marsh zones, then it is possible to estimate the maximum elevation
growth rate based on biomass production (Morris et al., 2016). Holding
preservation at 10%, based on plant lignin concentration (Benner et al.,
1991; Hodson et al., 1984), and using an organic matter density of
0.085 g/cm3 (Morris et al., 2016), maximum vertical accretion is
6.8 mm/yr in the low marsh and 3.1 mm/yr in the high marsh (i.e.
0.575 g/cm2/yr x 0.1 g lignin/g dry weight/0.085 g/cm3). These theoretical values are higher than observed accretion rates based on the
210
Pb chronology (4.2 ± 1.5 and 2.3 ± 1.0 mm/yr for the low and
high marsh regions, respectively, from 2005 to 2015). Thus, enhanced
biomass production in the low marsh could potentially account for the
elevation gains observed during low marsh transgression as S. alterniﬂora dominates marsh vegetation.
4.2.2. Role of soil organic matter preservation on elevation resilience
Since organic matter is the primary contributor to vertical accretion
in marshes with high weight % C (Neubauer, 2008; Turner et al., 2002),
such as those in this study (16–42 wt % C), ongoing decomposition in
aging peat may create apparent accretion rates that are higher near the
surface than at depth. As organic matter is broken down and remineralized by microorganisms, carbon is lost along with the associated volume of organic matter (Neubauer, 2008). Thus, sediment proﬁles with
constant organic matter inputs and ongoing decomposition should exhibit a decrease in weight % C and increase in sediment density, and
over time, a decrease in relative marsh surface elevation. In a reconstruction of the marsh surface through time, those processes would
appear as an increase in accretion rate in recent deposits, as observed
here. We ﬁrst evaluate the change in weight % C and DBD with depth to
determine if preservation diﬀers between elevation zones and ﬂooding
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above discussion, we conclude that this increase in vertical accretion
rates, which enhances the elevation building capacity of salt marshes, is
predominantly driven by increased biomass production of the low
marsh grass, S. alterniﬂora, compared to high marsh species, D. spicata,
J. gerardii, and S. patens, and facilitated by an environment favorable to
preservation, including here an expanding accommodation space as sea
level rises (Fig. 6). Given the minimal change in carbon density with
depth at these sites and across marshes nationally (Holmquist et al.,
2018b), changes in carbon storage are primarily driven by dynamic
vertical accretion rates. This ampliﬁcation of carbon storage in modern
sediments compared to earlier deposits had previously been hypothesized to be due to ongoing organic matter degradation in older, deeper
peat deposits (Neubauer, 2008), but the evidence here indicates that
accelerating modern accretion rates are a persistent feature in salt
marshes. The carbon storage capacity of low marsh environments, and
ultimately their survival under a regime of accelerating relative sealevel rise, depends directly on the total biomass production and amount
preserved in the subsurface. If the present-day productivity of low
marsh S. alterniﬂora is already at maximal values and preservation rates
are stable (here we assume the marsh can store a maximum of 10% of
productivity within the subsurface, a relatively unconstrained value),
then the peak carbon storage rate in the low marsh at these sites is
575 g C/m2/yr. This value is double that proposed by Morris et al.
(2016), based on lower below ground biomass production. However,
below ground biomass production is variable across sites and species
and is likely a function of environmental conditions including ﬂooding
regime and salinity (Alldred et al., 2017; Tripathee and Schäfer, 2015).
Thus these estimates of maximal C storage may change as further research is done considering the factors controlling production and preservation of below ground biomass.
In the high marsh transition zone, there is evidence that the apparent increase in both accretion rates and carbon storage in recent
years is potentially an artifact of ongoing organic matter degradation in
the older portions of the soil proﬁle. The high marsh transition zone
peat demonstrated a rapid drop in weight % C with depth consistent
with higher organic matter turnover in this infrequently ﬂooded region.
We posit that long-term carbon storage rates of 46 ± 28 g C/m2/yr, as
seen prior to 1800, were at steady state with relative sea-level rise of
∼1 mm/yr, and marsh platforms were likely dominated by high marsh
species adapted to infrequent ﬂooding. As relative sea-level rise accelerated, salt marshes transitioned to low marsh dominated vegetation, allowing rapid vertical expansion into an enhanced accommodation space, supporting a new, greater carbon storage rate, here observed
to be 129 ± 50 g C/m2/yr, in line with rates reported globally
(Chmura et al., 2003). Enhanced carbon storage in salt marshes responding to rapid relative sea-level rise provides a negative feedback on
global climate warming driven by increasing atmospheric greenhouse
gas concentration, albeit a modest one, by removing atmospheric CO2
at an enhanced rate and storing it for extended time periods in salt
marsh peat. However, the potential doubling or tripling of salt marsh
carbon storage under accelerating sea-level rise is likely currently oﬀset
by loss and degradation of this vulnerable habitat (Gedan et al., 2009),
lessening the impact of global salt marsh response to sea-level rise on
atmospheric CO2 levels.

increase in accretion rates of 0.4–0.6 mm/yr, so at most 18% of the
accretion rate change could be due to organic matter losses that
available methods cannot resolve. We conclude then that ongoing organic matter loss does not account for the doubling of accretion rates in
recent deposits. This observation that organic matter decomposition not
is driving down-core changes in %C in these low marsh cores may seem
counter to the previously mentioned 10% preservation of biomass
production used to predict marsh carbon storage (Morris et al., 2016). It
may be that the expansion of an environment conducive to organic
matter preservation as salt marshes grow vertically in response to sealevel rise eﬀectively increases the net percent of production that preserved in the subsurface.
4.2.3. Role of mineral deposition on elevation resilience
As the marsh platform lowers relative to sea level, increased
ﬂooding frequency may increase sediment deposition, as sediment
settles onto the marsh surface when it is inundated (Kirwan and
Guntenspergen, 2012; Redﬁeld, 1972). Above ground salt marsh plant
structures trap sediment, thus there is likely a synergy between organic
production and largely mineral sediment deposition in marshes (Kolker
et al., 2009). DBD can inform mineral sediment content and inorganic
contributions to soil volume. In the low marsh, seven cores had no
signiﬁcant trend in sediment density, three cores do have DBD increases
at the top, and one core decreases at the top (Table S5). There is a weak,
but signiﬁcant (r2 = 0.01, p = 0.01) decrease in accretion rates with
increase in density. Indeed, the highest accretion rates occur at the
lowest sediment densities (Fig. S2). There is a weak, but signiﬁcant
relationship between vertical accretion rates and both mineral and organic carbon mass accumulation rates (Fig. S2), however the slope is
approximately twice as steep for organic carbon as for mineral accumulation. Organic matter accumulation likely contributes more to
vertical accretion than does mineral accumulation. Thus, there is evidence that as organic production increases in response to higher inundation levels and shifting plant assemblages, sediment trapping by
plants likewise increases, but contribution to sediment volume is
modest.
The fate of salt marshes is closely linked to elevation resilience and
will likely be challenged by a continued acceleration in relative sealevel rise. This study demonstrates that the marsh platform has been
able to build elevation after transitioning to low marsh habitat through
positive feedback between increased inundation and enhanced productivity. While multiple models have parameterized possible relative
sea-level rise thresholds for marsh drowning based on relatively simple
metrics, including inorganic sediment supply, tidal range, and biomass
productivity, it is likely potentially dynamic responses to sea-level rise,
including evolving ecosystem structure, are not captured in such scenarios (Kirwan and Megonigal, 2013; Morris et al., 2002). Indeed, if we
assume current marsh productivity rates and constant preservation
rates persist through the future, the maximum accretion rate possible is
6.8 mm/yr. This would indicate that critical ecosystem services, including carbon storage, storm surge protection, habitat provision, and
retention of terrestrial pollutants, may be lost under predicted rates
(8–16 mm/yr (IPCC, 2014)) of sea-level rise by 2100. However, such a
threshold is not responsive to future ecological dynamics. In addition, if
salt marsh vertical accretion rates are resilient to relative sea-level rise,
as shown here and reﬂected in salt marshes globally (Kirwan et al.,
2016a), then salt marsh fate may be more closely linked to migration
space (Kirwan et al., 2016b) and processes that reduce marsh area, such
as erosion and ponding (Ganju et al., 2017; Mariotti, 2016), indicating
that marsh relative sea-level rise thresholds must link vertical and lateral processes.
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