
1. Introduction
Salt marshes aggrade in quasi-equilibrium with sea level rise (SLR) via the accumulation of organic matter 
and mineral sediment, thereby maintaining marsh platform elevation within the tidal frame (e.g., Allen, 2000; 
Cahoon et al., 2019). External perturbations, such as an acceleration of relative SLR, can be compensated for 
by increased sediment delivery to the marsh platform. Increased inundation depth tends to augment sediment 
delivery as the associated longer flood duration increases time to trap suspended sediment (Day et al., 1999; 
Reed, 1990; Temmerman et al., 2003). In some cases, increased suspended sediment concentrations associated 
with land clearance has allowed marshes to recover from rapid SLR (Peck et al., 2020; Watson, 2004). In addition 
to increased mineral sediment delivery, there is some evidence that bioproductivity of low marsh grasses may 
increase with moderate increases in inundation, with subsequent vegetation drowning at higher levels of inunda-
tion (Morris et al., 2002; Voss et al., 2013). However, many studies have found declining biomass with increased 
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Plain Language Summary Salt marshes form along sheltered coastlines, incorporating mud and 
dead roots atop a grassy platform at about the elevation of high tide. It is unclear whether marshes will build 
their platforms fast enough to keep up with expected increases in sea level. In 1898, a coastal storm eroded 
a new opening in a beach, behind which a salt marsh extends inland along two tidal channels. The new inlet 
shortened the distance from the open ocean to parts of the salt marsh, causing high tides that flood the salt 
marsh to increase more than 30 cm. We considered this “natural experiment” in increased tidal flooding to 
understand how other marshes might survive rapid sea level rise (SLR). Sediment core samples from the marsh 
showed that higher tides after the inlet switch resulted in lots of mineral sediment deposited on the marsh 
platform. This shows that mineral sediment is very important to salt marsh survival when sea level is rising 
fast. Increased tidal flow after the inlet switch eroded and widened channels. Some of that eroded channel bank 
sediment deposited atop the marsh, but most of the sediment that allowed the marsh to survive rapid SLR came 
from the ocean.

YELLEN ET AL.

© 2022. American Geophysical Union. 
All Rights Reserved.

Salt Marsh Response to Inlet Switch-Induced Increases in 
Tidal Inundation
Brian Yellen1  , Jonathan D. Woodruff1, Hannah E. Baranes1,2  , Simon E. Engelhart3  , 
W. Rockwell Geywer4, Noa Randall5, and Frances R. Griswold1

1University of Massachusetts Amherst, Amherst, MA, USA, 2Gulf of Maine Research Institute, Portland, ME, USA, 3Durham 
University, Durham, UK, 4Woods Hole Oceanographic Institution, Falmouth, MA, USA, 5Smith College, Northampton, MA, 
USA

Key Points:
•  Inlet and barrier dynamics can 

have first order controls on tidal 
propagation and impacts to marshes

•  Deposition rates three to five times the 
rate of sea level rise (SLR) allowed for 
continued marsh resilience

•  Minerogenic sediment supply allowed 
for marsh resilience under rapid rates 
of effective SLR

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
B. Yellen,
byellen@umass.edu

Citation:
Yellen, B., Woodruff, J. D., Baranes, 
H. E., Engelhart, S. E., Geywer, 
W. R., Randall, N., & Griswold, 
F. R. (2023). Salt marsh response 
to inlet switch-induced increases 
in tidal inundation. Journal of 
Geophysical Research: Earth Surface, 
128, e2022JF006815. https://doi.
org/10.1029/2022JF006815

Received 29 JUN 2022
Accepted 13 DEC 2022

Author Contributions:
Conceptualization: Brian Yellen, 
Jonathan D. Woodruff, W. Rockwell 
Geywer
Formal analysis: Brian Yellen, Jonathan 
D. Woodruff, Hannah E. Baranes, Simon 
E. Engelhart
Funding acquisition: Jonathan D. 
Woodruff
Investigation: Jonathan D. Woodruff, 
Hannah E. Baranes, Simon E. Engelhart, 
W. Rockwell Geywer, Noa Randall, 
Frances R. Griswold
Methodology: Brian Yellen, Jonathan D. 
Woodruff, Hannah E. Baranes
Project Administration: Jonathan D. 
Woodruff
Resources: Jonathan D. Woodruff
Visualization: Brian Yellen, Simon E. 
Engelhart
Writing – original draft: Brian Yellen

10.1029/2022JF006815
RESEARCH ARTICLE

1 of 19

 21699011, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JF006815 by D

urham
 U

niversity - U
niversity L

ibrary and C
ollections, W

iley O
nline L

ibrary on [13/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1632-5972
https://orcid.org/0000-0002-1576-5220
https://orcid.org/0000-0002-4431-4664
https://doi.org/10.1029/2022JF006815
https://doi.org/10.1029/2022JF006815
https://doi.org/10.1029/2022JF006815
https://doi.org/10.1029/2022JF006815
https://doi.org/10.1029/2022JF006815
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JF006815&domain=pdf&date_stamp=2022-12-28


Journal of Geophysical Research: Earth Surface

YELLEN ET AL.

10.1029/2022JF006815

2 of 19

inundation, especially among high marsh grass species (Kirwan & Guntenspergen, 2015; Payne et  al.,  2019; 
Snedden et al., 2015).

Under moderate rates of relative SLR, marshes can persist for thousands of years by building vertically (Pederson 
et  al.,  2005; Redfield,  1972) and/or transgressing into uplands (Doyle et  al.,  2010; Fagherazzi et  al.,  2019; 
Rampino & Sanders,  1980). Under projected rates of global SLR much higher than 20th century rates (e.g., 
Horton et al., 2020), some studies have suggested that marshes will not be able to build elevation in pace with 
rising water levels (Crosby et al., 2016; Spencer et al., 2016). The early Holocene may serve as an analogue for 
marsh dynamics during rapidly changing sea level as global SLR rates were 10–15 times higher than rates over 
the last 6,000 years (Emery et al., 1965; Wolters et al., 2010). Submerged salt marsh peat found far offshore 
dating to the early Holocene indicates that marshes may fail when SLR exceeds their ability to build elevation or 
when SLR-driven shoreline transgression removes the protective morphologies (e.g., barrier beaches) that enable 
marsh development. Many studies have modeled SLR rate thresholds for marsh survival under various projections 
of future SLR using known relationships between marsh inundation, sediment supply, and observed vegetative 
response to changing inundation depth (D’Alpaos et al., 2007; French, 2006; Kirwan & Guntenspergen, 2010; 
Langston et al., 2020). In general, models suggest that marshes can survive high rates of SLR, but these model 
results are in disagreement with observations of comparatively lower maximum marsh accretion rates (Coleman 
et al., 2022). While models are useful for their explanatory power and low cost relative to observational studies, 
they are simplifications of complex processes with associated limitations (Fagherazzi et  al.,  2012). Physical 
experiments likewise have limitations, as testing the effect of rapidly rising sea level on whole tidal marsh resil-
ience would be impractical, prohibitively expensive, and require decades of observations.

While it is impossible to directly observe how salt marshes will respond to sustained accelerated SLR in the 
future, we can make use of past instances of rapid increases in tidal inundation to inform our understanding of 
factors that improve marsh resilience to rapid SLR. Several examples exist of changes in tidal dynamics or land 
elevation leading to rapid, local increases in tidal inundation and impacts to marshes. Removal of tidal restrictions 
such as undersized culverts can in some cases increase the height of high tide and the resulting tidal inundation 
of the marsh platform. Boumans et al. (2002) showed that removal of tidal restrictions should be done with care, 
as the rapid increase in inundation could further stress degraded marshes, especially those that subsided while 
tides were restricted. However, in some cases these restrictive barriers have served as the catalyst for tidal wetland 
formation by decreasing hydrodynamic energy, thereby increasing sediment trapping and aggradation leading to 
wetland creation (McKeon et al., 2022; Meier, 2004; Yellen et al., 2021). Inlet dredging can increase tidal prisms 
(defined as the volume of water that enters an estuary during flood tide) within sheltered estuaries, causing shifts 
in marsh regime from largely depositional to erosional (Chant et al., 2021; Van Dyke & Wasson, 2005). Subsid-
ence due to groundwater and hydrocarbon withdrawal can also cause locally accelerated relative SLR (Kolker 
et al., 2011), and when paired with reductions in terrigenous sediment delivery, has led to tidal wetland loss due 
to internal ponding (Morton et al., 2005; White & Tremblay, 1995). Conversely, Watson (2004) showed that a 
California salt marsh actually was able to withstand ∼1 m of subsidence in the 20th century due to increased 
sediment delivery from the watershed associated with land clearance.

Tectonic events that result in coastal subsidence can quickly increase sea level relative to tidal marsh eleva-
tion. At many estuaries adjacent to the Cascadia Subduction Zone (northern California, Oregon, and Wash-
ington USA; British Columbia, Canada), sediment records provide evidence for repeated transitions of salt 
marsh to intertidal mudflat following earthquakes that increased relative sea level in excess of 0.5 m (Atwater 
& Hemphill-Haley,  1996). Subsequent reestablishment of the marsh is recorded in the sedimentary record 
as couplets, with mineral rich sediment overlying organic-rich soils or peats that grade back into organic salt 
marsh sediments (Shennan et al., 1996). Rapid, seismically-induced subsidence along active margins is typically 
followed by uplift that reduces the rate of relative SLR once the tectonic plates become coupled again (Peck 
et al., 2020). While the role of tectonics in driving changes to relative sea level and marsh response has been well 
documented, marsh impacts from changing barrier/inlet dynamics and resultant tidal adjustments are less certain.

On passive margins, where salt marshes are more common, barrier/inlet dynamics often mediate tidal prop-
agation and salt marsh development (FitzGerald et al., 2020; Hein et al., 2012; O’Brien, 1969). Landward of 
barrier island complexes, Lucke (1934) highlighted the tendency for tidal marshes to initiate on flood-tide deltas, 
with differing marsh morphologies forming behind stable versus migrating inlets. Migration of inlet locations 
can affect tidal marsh sedimentation rates too; marine sediment is often delivered to marshes through inlets, so 
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increased proximity to the inlet drives enhanced delivery of mineral sediment and increased sedimentation rates 
(Roman et al., 1997). The spacing between tidal inlets is controlled in large part by tidal range, with larger tidal 
prisms requiring more closely spaced inlets (FitzGerald, 1988; Hayes, 1979), which in turn can control the size 
and distribution of individual marshes within lagoons (Friedrichs & Perry, 2001). However, the impact of abrupt 
inlet location changes on backbarrier marshes is relatively understudied, despite the relatively frequent nature of 
barrier breaching and new inlet formation driven by storms (e.g., Buynevich & Donnelly, 2006; FitzGerald & 
Pendleton, 2002; Hayes & FitzGerald, 2013; Italiani et al., 2020).

Here we make use of an historic barrier breach and change in tidal inlet location to the North-South Rivers Estu-
ary, first to illustrate how the estuary's tidal marsh responded to resultant increased tidal elevations, and second 
to show the role of inlet location in controlling tidal propagation up estuarine channels. To our knowledge, this is 
the first study to highlight the first order control of inlet location on tidal heights and salt marsh response. Results 
from this study can help guide tidal marsh restoration involving the removal of tidal restrictions, which can also 
result in a step increase in salt marsh inundation depths and encourage coastal management practices that treat 
sediment as a valued resource.

2. Site Description
2.1. North-South Rivers Estuary

The North-South Rivers comprise a bar-built estuary, whose channels connect to the mesotidal Massachu-
setts Bay via a shared inlet (Figure 1). At its inlet, the North-South Rivers Estuary's tidal range is about 3.5 m 
(Buynevich & Donnelly, 2006), with that range decreasing up-estuary (Baranes et al., 2022). Channel widths of 
the North and South Rivers are approximately 100 m within their seaward reaches, and narrow landward. The 
tidal reach for the larger North River is 20 km compared to 13 km for the South River. Both tidal channels are 
fringed by a high marsh platform that is generally 300–500 m in width and dominated by Spartina patens and 
short form Spartina alterniflora. Limited low marsh areas are confined to channel proximal areas less than 2 km 
from the present inlet, where the estuary has more of an open embayment morphology rather than a confined 
channel. Limited dredging has been done at the estuary inlet and along the South River channel within 3 km of 
the inlet, though efforts have been hindered by the cobble river bottom that is unsuitable for hydraulic dredging 
(personal communication, Michael DiMeo, 11 October 2022). The North River channel has not been dredged 
since at least 2000, as generally high tidal velocities maintain the channel. Previous work investigating the timing 
of increased turbidity within the North and South Rivers and sediment deposition on the marsh platform showed 
that marine sediment delivered on the flood tide during coastal storms provides the primary source of suspended 

Figure 1. Site map of the North-South Rivers Estuary. Red dots correspond to core transect and water level observation 
locations; numbers in parentheses refer to river distance to the inlet in km. Marsh area (National Wetlands Inventory, 2013) 
is depicted with green, intertidal mudflat and beach in white, and upland is shaded in gray. Panel (d) at right shows the North 
South Rivers Estuary barrier beach as depicted in an 1870 chart (Peirce et al., 1870).
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sediment to the estuary and marsh (Baranes et al., 2022). Suspended sediment inputs from the watersheds of the 
North River (area = 210 km 2) and South River (area = 60 km 2) are relatively minor (Baranes et al., 2022) due 
to low relief and low sediment yields associated with the region's post-glacial landscape (e.g., Cook et al., 2015; 
Ralston et al., 2020).

Relative SLR at the Boston tide gauge, 35 km to the north, has averaged 2.87 ± 0.15 mm/yr during 1920–2020 
(NOAA gauge 8443970), and 3.6 mm/yr during 1987–2017 (Talke et al., 2018). Salt marsh accumulation rates 
for the last 100 years average 4.0 mm/yr at sites 40–60 km to the south that have similar tide range, physiography, 
and species compositions to those observed at North and South Rivers (O’Keefe Suttles et al., 2021).

2.2. The 1898 Portland Gale and Recent History

During the 1600s to the late 1800s, the sole inlet for the North and South Rivers was located at what is now 
Rexhame Beach in the town of Marshfield, MA (Figure 1, old inlet). In 1898, a strong late November storm 
cut a new inlet through the barrier beach that previously connected two eroding drumlin headlands known as 
Third Cliff and Fourth Cliff. These headlands serve as predominant sources of sediment to the Scituate/Marsh-
field regional beach complex (Woodruff et al., 2021). Subsequently named “The Portland Gale of 1898” after 
the tragic sinking of the steamship SS Portland during the storm, the 1898 Portland Gale remains among the 
top 10 coastal floods of record in the region (Talke et al., 2018). Firsthand accounts of the storm suggest that 
fluvial flooding during the storm caused the wave-compromised barrier between Third and Fourth Cliffs to fail. 
The old, more southerly inlet closed by 1900 (Freitas & Ball, 1995), with the new northern inlet resulting in a 
5.6 km shortening of the North River channel and equal lengthening of the South River (Figure 1) (Buynevich & 
Donnelly, 2006). Accounts of the storm's aftermath noted increased frequency of high marsh flooding along the 
North River after the inlet switch (Freitas & Ball, 1995).

We make use of this natural experiment of an abrupt change in inlet location and channel shortening to observe 
resultant impacts to tidal heights and salt marsh inundation along the North and South Rivers. We combine water 
column observations, elevation surveys, and sediment cores to evaluate what conditions allowed the estuary's 
marsh to survive this stressor. Observations from these systems can provide useful guidance to coastal managers 
regarding conditions that may allow marshes to survive increased inundation due to projected near-term SLR 
acceleration.

3. Methods
3.1. Sediment Cores and Probing

We collected 1 m sediment cores from the marsh platform during 2018 from six channel-perpendicular transects 
on the North River and four transects along the South River (N1–N6 and S1–S4, see Figure 1 for locations). 
Roughly 10–15 cores were collected for each transect and described in the field. An additional representative core 
from each transect was preserved for lab analyses at the University of Massachusetts Amherst. All cores were 
collected using a 6 cm internal diameter gouge corer, which results in negligible vertical compaction and allows 
for visual observation in the field (Yellen et al., 2020).

3.2. Sediment Processing

Sediment cores were processed to identify temporal and spatial variability in deposition rates and sediment 
composition within the North-South Rivers system. Sediment cores were transported to the University of Massa-
chusetts, where they were split, described, and evaluated for down-core elemental abundances via X-ray fluo-
rescence (XRF) core scanning (Croudace et al., 2006). A clear onset of elevated heavy metals evident in the 
XRF-derived bulk lead profile was used to assess relative sedimentation rates. The bulk lead onset depth is asso-
ciated with the timing of industrialization, and generally dates to 1850–1900 in this region (Boldt et al., 2010; 
Bricker-Urso et al., 1989). Lead XRF counts were converted to concentrations according to an empirical regres-
sion based on North and South River marsh cores from Baranes et al. (2022).

We subsampled 1 cm-thick sections from sediment cores every 10 cm to assess soil organic matter via loss on 
ignition (LOI), combusting dried and weighed samples at 550°C for 4 hours (Dean, 1974). In the field and during 
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core description, we noted a unique stratum present in cores from transects N1, N2, N3, and N4 (see Figure 1 
for locations) that was characterized by a reddish-brown color and fibrous, matted texture. We increased sample 
resolution surrounding this stratum in order to evaluate the lithological changes that characterized the visually 
observed, widespread change in conditions at the time of deposition. We analyzed two cores, N3C1 and S3C3 in 
greater detail, subsampling those cores every 5 cm.

We used radiometric dating via down-core  137Cs and  210Pb profiles to constrain the date of the increase in bulk 
lead (Anisfeld et al., 1999; Cundy & Croudace, 1996). We chose representative cores N3C1 and S3C3 for gamma 
spectroscopy from transects N3 and S3 based on the following criteria. First, the core had to be a minimum 
of 20  m from the channel to avoid creek edge impacts that include lateral erosion, levying, and subsidence 
(Moskalski & Sommerfield, 2012; Roner et al., 2016). Second, the core top elevation was roughly equivalent 
to median marsh platform elevation (where core top elevations were 0.86 m NAVD88 for N3C1 and 0.98 m 
NAVD88 for S3C3). Third, the core's XRF-derived bulk lead profile enabled identification of a clear onset and 
peak in industrial metal contamination.

Approximately ten 1 cm thick subsamples were taken from each core to resolve the onset and peak of  137Cs and 
the decay of  210Pb. Samples were dried and weighed, then sealed in 70 cm 3 cans to allow for supported  210Pb to 
be distinguished from unsupported  210Pb. Activities for  137Cs and  210Pb were measured on a Canberra GL2020R 
Low Energy Germanium Detector for 48–72 hr and computed spectroscopically from the 661.66 keV and the 
46.54 keV photopeaks, respectively. Age versus depth models were obtained based on the depletion of  210Pb in 
core subsamples via the constant initial concentration model (Pennington et al., 1976) and the 1954 CE onset and 
1963 CE peak in  137Cs concentrations (Pennington et al., 1973). We assumed that  210Pb-derived ages that indi-
cated age reversals (i.e., a sample with less unsupported  210Pb overlying a sample with greater unsupported  210Pb) 
were outliers and were not included in linear deposition rate calculations. Radioisotope data are included in 
Tables S1 and S2 in Supporting Information S1. We used these age models to approximate the timing of the onset 
of heavy metals contamination in marsh sediments, which can be measured at low cost with XRF core scanning 
(see above). Past work in the region has shown the initial rise in heavy metals within sediment cores to date to 
1850–1900 (Boldt et al., 2010; Bricker-Urso et al., 1989). Baranes et al. (2022) observed lead concentrations as 
high as 4,000 ppm in marsh cores collected from the North River and linked these extremely high concentrations 
to activities at a former munitions manufacturing site located directly upstream that began operations in the early 
1900s.

3.3. Foraminifera

Foraminiferal assemblages can be used to assess environmental conditions indicative of marsh inundation 
frequency (Scott & Medioli, 1978). Eight foraminifera samples were processed from core N3C1 according to 
standard methods (Scott & Medioli,  1980) and summarized here. Core subsamples spanned 1  cm and were 
obtained roughly every 15 cm, with increased spatial resolution above and below the fibrous stratum noted above 
in Section 3.2. Samples were washed through sieves to isolate the 63–500 μm fraction and counted wet under 
a binocular microscope. The greater than 500 μm fraction was checked for larger foraminifera. A minimum of 
50 individuals was counted in each sample to ensure that it accurately characterized the assemblage (Kemp 
et al., 2020). Our taxonomy follows Wright et al. (2011) and references therein. Foraminiferal census data are 
provided in Table S3 in Supporting Information S1.

3.4. Water Surface Elevation

To assess the elevation of the marsh platform relative to the tidal frame, tidal channel water surface elevation was 
measured continuously for at least 40 days during March and April of 2018 at N1–N6 and S1–S4 (Figure 1). Pres-
sure transducers were mounted to rebar and deployed in the channel below the lowest low tide level at each loca-
tion and surveyed to NAVD88 by measuring the water surface elevation over the mooring with a post-processing 
kinematic GPS every second for 1 min and subtracting the average sensor-measured water depth during the same 
1-min interval. Continuous salinity and temperature measurements were collected (RBR model XR-620) adjacent 
to each pressure transducer and to correct for water density variations. Observations from a subaerial pressure 
transducer were used to correct water levels for barometric pressure effects. We computed a 1983–2001 National 
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Tidal Datum Epoch equivalent Mean High Water (MHW) datum at each sensor location using the NOAA Tidal 
Analysis Datums Calculator with the Boston NOAA gauge as a control station.

3.5. Marsh Surveying and Channel Dimensions

We surveyed marsh platform elevation with real time kinematic (RTK) GPS along each of our 10 
channel-perpendicular transects in March of 2018 (red dots in Figure 1). The average horizontal spacing of survey 
points along transects was 1.5 m. We used a public network of GNSS reference stations (MaCORS) to correct 
RTK measurements in real time. Horizontal and vertical errors reported by our RTK unit were generally less than 
2 cm, consistent with published values for the this method (Aykut et al., 2015).

We compared widths of the main North and South River channels from before and after the 1898 inlet location 
change to evaluate channel dimension increase/decrease resulting from the inlet switch. To make pre-1898 chan-
nel measurements, we georeferenced a detailed 1870 map of the North-South Rivers Estuary (Peirce et al., 1870) 
that clearly depicted the marsh edge. In a geographic information system, channel widths were measured every 
0.25 km along both estuarine channels. To assess changes in channel dimensions, 1870 channel width measure-
ments were compared to similar measurements made along the same transect lines using a 1960 aerial photograph 
(US Air Force, 1960) and georeferenced to a 2019 orthomosaic aerial photo (MassGIS, 2019). Both the historic 
map and aerial photo were georeferenced to the 2019 orthomosaic photo using the locations of known landmarks 
such as road intersections or historic buildings, with 10+ ground control points for each image. We checked the 
fidelity of georeferenced images by measuring the distances between an independent set of ground control points 
in the orthomosaic and georeferenced images. Measured distances varied by less than 0.3%, which was an order 
of magnitude less than the changes in channel width that we intended to detect. Channel width was defined as 
the distance along open-water channel-perpendicular transects from marsh edge to marsh edge, defined as the 
line between grass and water. The estuary's channel banks are close to vertical, making this channel width meas-
urement method relatively insensitive to tidal hour at the time of aerial image capture. The dominant source of 
error with this measurement is the manual interpretation of the exact location of the marsh edge. We made many 
measurements to overcome this signal noise as has been done in similar studies (e.g., Watson et al., 2017). North 
River width measurements began 3 km from the new inlet where the estuary transitions from an open embayment 
morphology to a confined channel, and continue up to the head of tides (river km 20). South River measurements 
span river km 6.5 to 10, beginning at the old inlet location, and ending at the limit of coverage for the 1870 map.

4. Results
4.1. Deposition Rates, Stratigraphy, and Foraminifera

We used short-lived radionuclides to constrain the deposition rates of representative sediment cores from the 
North River and South River marshes. The uppermost sample from core N3C1 at 0–3 cm depth exhibited lower 
unsupported  210Pb activities than the subsequent sample below at 9–10 cm, resulting in an impossibly young 
modeled date of 2030 for the 9–10  cm sample. We thus treated this uppermost measurement as an outlier, 
removed it from the age model, and interpolated surface  210Pb activity based on a linear fit with the two under-
lying samples as has been done for other studies (e.g., Peck et al., 2020; Wheatcroft & Sommerfield, 2005). The 
deposition rate from this modified N3C1 age model is similar to the deposition rate based on the age model that 
includes all outlier measurements (Figure S1 in Supporting Information S1). General coherence between  210Pb 
and  137Cs-derived age constraints adds further confidence to the  210Pb-based age model. The average deposition 
rate in the upper 72 cm of the North River core (since ∼1920) was ∼6 mm/yr (Figure 2a). South River deposition 
during the same period at S3 averaged 3 mm/yr (Figure 2d, Figure S2 in Supporting Information S1). Age models 
therefore indicate roughly twice as much deposition at N3 than at S3 since ∼1900 (Figures 2a and 2d).

During low tide conditions, we observed a visually distinct stratum within the North River channel banks approx-
imately 60–80 cm below the marsh platform that was characterized by erosion-resistance (protruding past other 
layers) and a reddish color (see photo, Figure S3 in Supporting Information  S1). Within marsh gouge cores 
extending away from the channel, this organic marker horizon was easily visually identified while in the field. 
Based on rapid field observations of the depth to this layer in cores from the North River, we assessed relative 
deposition rates away from the channel (Figure S4 in Supporting Information S1). We refer to this layer as the 
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“organic marker horizon” throughout the text. No corresponding layer was observed in South River cores or along 
South River exposed channel banks.

Bulk lead concentrations and organic content (LOI) profiles from representative N3C1 and S3C3 cores are shown 
in Figure 2 to relate the date of the heavy metal contamination onset and organic marker horizon to the age model. 
In core N3C1, the depth of the organic marker horizon described above was clearly depicted by high LOI values 
between 67 and 70 cm. This organic layer is contemporaneous with a step function rise in bulk lead contamination 
whose age is consistent with early 1900s opening of an upstream munitions manufacturing plant (Tetra Tech EC, 
Inc., 2005). LOI values decreased to 7% immediately above the marker horizon indicating an increase in mineral 
content. This was followed by a gradual increase in organic content and decrease in mineral content toward the 
surface. In contrast to observations from N3C1, organic content (LOI) in core S3C3 increased above background 
levels following the increase in bulk lead, whose onset also dated to the turn of the 20th century.

A comparison of the ∼1900 onset depth of lead contamination across the estuary indicated higher 20th century 
accumulation rates along the North River marsh than in the South River marsh, consistent with observations 
from our two cores dated via gamma spectroscopy (Figure 3). Channel-perpendicular transects showed similar 

Figure 2. The top row shows observations from our representative N3 transect core (N3C1) and the bottom row shows 
observations from S3 transect representative core (S3C3). Panels (a) and (d) show age versus depth models for each core, 
including age controls derived from  210Pb, and  137Cs onset and peak.  210Pb outliers are shown in gray and were excluded from 
best fit lines. Panels (b) and (e) show Lead profiles from X-ray fluorescence scans in units of ppm based on an empirical 
regression presented in Baranes et al. (2022). Panels (c) and (f) show loss on ignition profiles versus depth. Gray shaded bars 
in N3 profiles depict the depth of the visually identifiable marker horizon.
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amounts of deposition above the organic marker horizon with increasing distance from the channel (Figure S4 in 
Supporting Information S1). At up-estuary North River transects (N4–N6), the sediment thickness above the lead 
contamination onset totaled approximately 60 versus 40 cm at S2–S4 in the South River, indicating at least 50% 
more accumulation in North River marshes since industrialization (Figure 3). At transects N1–N3 and S1, which 
was between the old and new inlet, lead onset depth increased with proximity to the new inlet, with approximately 
122 cm of sediment deposition at site N1 since the initial rise in lead abundance.

Foraminiferal assemblages were enumerated from core N3C1 to assess changes in tidal inundation depth and 
frequency associated with the organic marker horizon at 67–70  cm depth (Figure  4). The two foraminiferal 
samples below the organic horizon (70–71 and 75–76 cm) were characterized by an assemblage dominated by 
Jadammina macrescens and Trochammina inflata with <1% of low marsh species including Miliammina fusca, 
Ammobaculites spp., and Reophax spp. We use Jadammina macrescens (rather than Entzia macrescens; Filipescu 
& Kaminski, 2011; Schönfeld & Mendes, 2022) because it continues to be widely used in the sea-level litera-
ture and this is the taxonomy employed in pre-existing databases of modern assemblages in the region (Kemp 
et al., 2015 and references therein). At 65–66 cm, below the organic horizon, there was a switch in assemblage 

Figure 3. Bulk lead profiles from representative sediment cores from the North River (top row) and South River (bottom 
row) from ITRAX X-ray fluorescence corescanner data converted to parts per million according to a site-specific empirical 
regression reported in Baranes et al. (2022) where PPMPb = 1.14 * Countsxrf − 0.48. River distance from the shared NSRE 
inlet is shown at the bottom of each panel. A dashed black line indicates the onset depth of heavy bulk lead contamination. 
The x axis scale changes between plots to allow for visual resolution of the lead increase. Baranes et al. (2022) explained the 
up-estuary increase in sediment lead abundance along the North River as evidence of dilution of contaminated watershed 
sediment by abundant, uncontaminated marine sediment.
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to M. fusca (9%), Ammobaculties spp. (9%), and Reophax spp. (<1%) increased to 19% of the assemblage while 
continuing to be dominated by J. macrescens (75%). This pattern continues at 60–61 cm with an increase in M. 
fusca (50%) and Ammobaculites spp. (30%) to 80% of the assemblage with J. macrescens significantly reduced 
(6%). This trend continues up core at 45–46  cm with increasing M. fusca (70%), J. macrescens (20%), and 
T. inflata (7%) and a reduction in Ammobaculites spp.  (1%). Toward the top of the core, there is a reduction 
in M. fusca (61%) and J. macrescens (13%) and an increase in T. inflata (21%) and Tiphotrocha comprimata 
(5%).  Foraminiferal census data are provided in Table S1 in Supporting Information S1.

4.2. Along Channel Tidal Observations

Instrumentally obtained MHW elevations generally decreased with increasing distance from the inlet, with 
roughly equal tidal attenuation observed in the North and South River channels (dashed lines in Figure  5a). 
MHW ranged from a maximum 1.50 m NAVD88 near the inlet (location N1) to a minimum of 1.12 m NAVD88 
on the South River at S4 (12.2 km from the inlet), and a minimum of 1.11 m NAVD88 on the North River at N5 
(12.8 km from the inlet; Figure 5a). On average, MHW elevation decreased 5 cm per km up-estuary from the 
inlet along both estuarine channels up to 8.5 km from the shared inlet. This trend reversed in the upper reaches 
of the North River tidal channel, with MHW elevation increasing by 5  cm over the 3.5  km from N5 to N6 
(Figure 5b). MHW elevation was approximately 5 cm higher in the North River channel than in the South River 
at equivalent distances from the inlet within the lower estuary (less than 10 from the mouth) (Figure 5a).

Figure 4. Total abundances of foraminifera taxa by percent in discrete 1 cm sediment samples (see Section 4.1), including 
Jadammina macrescens, Trochammina inflata, Miliammina fusca, Ammobaculites. Taxa are ordered from left to right 
according to the species elevation optima from Wright et al. (2011) with more frequent inundation on the right. The green 
shaded interval indicates the depth of the organic marker horizon.
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4.3. Marsh Platform Elevation

Median marsh platform elevation along the North River channel (box plots 
in Figure 5a) tended to decrease up-estuary, with the exception of low marsh 
site N1, which is the most exposed to waves from the open inlet and has 
a dense channel network. Along the South River, median marsh elevation 
increased up-estuary from sites S1–S3, followed by a decrease from S3 to 
S4 (Figure 5a). Marsh platform 25th–75th percentile elevations varied less 
than 10 cm within individual transects at each site (again with the exception 
of N1). The average 25th–75th percentile elevation range at sites N2, N3, and 
S1–S4 was 5 cm. At upper estuary sites N4–N6, marsh elevation varied less, 
averaging 3 cm for the same metric.

We estimated average marsh inundation depth at high tide throughout the 
estuary by subtracting median marsh elevation from measured MHW values 
at each transect (i.e., the difference between markers and box plot medi-
ans in Figure  5a). Marsh inundation depth at MHW generally decreased 
up-estuary, ranging from 0.81 m at the mouth (site N1) to 0.25 m at S3 and 
S4 (Figure 5b). Inundation depths on the South River marsh were less than 
those on the North River at all equivalent distances from the inlet except 
S1. Because S1 is located between the old and new inlet locations, the inlet 
switch did not substantially change its distance from the ocean. High-marsh 
average inundation depths in the lower estuary (less than 10 km from the 
inlet) were 0.47 m on the North River (N2–N4) and 0.42 m on the South 
River (S1–S3). In the upper estuary, (N5, N6, S4), North River marsh inun-
dation averaged 0.46 m, which was nearly double the observed inundation 
depth of 0.25 m along the upper reaches of the South River (S4).

4.4. Marsh Channel Dimensions

Differences in channel width between the 1870 map, 1960 aerial photo, and 
2019 orthomosaic photo indicated a general and continual widening toward 
the present along the North River (Figure 6). The average total width increase 
between 1870 and 2019 was 18 ± 3% (mean ± standard error) across the 49 
measured locations, with 32 of the locations experiencing >10% widening, 
and only four experiencing >10% narrowing. There was no spatial trend in 
this widening (Figure 6b). Of the average 18% widening, a little more than 
half occurred during 1870–1960, with the remainder of the widening occur-
ring between 1960 and 2019. Based on these observations, channel widening 
of the North River has been somewhat continual and has averaged about 1.5% 
per decade.

A similar analysis of channel width adjustment for the South River did 
not identify any noticeable change in between 1870 and 2019 (Figure 3 in 
Supporting Information S1). Depiction of the South River on the 1870 map 
extended upstream only to river km 10.5, and therefore only allowed for 16 
width measurements. Of the 16 width change observations, five showed 

widening and three showed narrowing of more than 10%, with an average widening of 4 ± 3% (mean ± standard 
error).

5. Discussion
5.1. Marsh Accumulation Rates and Stratigraphy

Based on the timing and stratigraphy surrounding the organic-rich marker horizon with high lead concentrations 
evident at transects N1–N4, we interpret the layer as a pre-1898 stable high marsh platform. Prior to the inlet switch, 

Figure 5. Mean high water (MHW) and marsh platform elevation summary 
along the North and South Rivers relative to the NAVD88 vertical datum. 
Panel (a) shows MHW at marsh transect locations (see Figure 1) and 
summaries of real time kinematic-derived marsh platform elevations at each 
transect location depicted. Boxes represent the 25th–75th percentiles, and 
whiskers representing the 10th and 90th percentiles. Panel (b) shows the 
average marsh inundation depth at each transect calculated as the MHW minus 
the median marsh platform elevation. Data labels (N1 etc.) correspond to 
locations depicted in Figure 1. Note that distances from the ocean increase to 
the left, consistent with our site map.
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lead accumulated at the surface of the relatively slowly building marsh plat-
form, likely via the advection of detrital organic material onto which metals 
tend to adsorb (Lin & Chen, 1998). The foraminifera assemblage transition 
at N3C1 from one dominated by high marsh species (J. macrescens and T. 
inflata) just below the organic horizon at 70 cm depth to an assemblage with 
increased M. fusca, Ammobaculites spp.  and Reophax spp.  beginning just 
above the layer at 65 cm depth is consistent with a sudden increase in inunda-
tion due to the 1898 switch in inlet location. A similar change in foraminifera 
species assemblage was observed following an increase in tidal inundation 
due to removal of a tide gate in Oregon, USA (Milker et al., 2022). Specif-
ically, the change in foraminifera assemblage supports a change in deposi-
tional environment from above MHW before the inlet switch to below MHW 
afterward. The foraminifera sample taken directly above the organic marker 
horizon at 65 cm depth contained an assemblage of species that are consistent 
with a mixing signature and sourcing from previously deposited reworked 
bank material. Following the inlet switch and resultant increase in MHW 
along the North River, sediment organic content abruptly decreased from 
46% to 7% in core N3C1 (Figure 2a). The mineral-rich nature of this overly-
ing sediment reflects a greater hydroperiod and inundation depth following 
the inlet switch (Roner et al., 2016; Temmerman et al., 2005).

Marsh sediment accretion rates at N3C1 over the first half of the 20th century 
(1898–1963) of 6 mm/yr were roughly four times the regional rate of SLR 
of 1.5 mm/yr during that time (Talke et al., 2018). Rapid accumulation rates 
in the early 1900s were initially supported largely through enhanced trap-
ping of mineral sediment with 93% mineral content (7% LOI) observed just 
above the 1898 event layer. As the marsh built elevation over the ensuing 
decades, inundation depths and mineral sediment trapping decreased, which 
is reflected by the increase in LOI toward the core top. Some of the observed 
increasing LOI trend toward the surface may also be due to decomposition 
at depth. While sedimentation rates remained similar during the latter half 
of the record, averaging 6 mm/yr from 1963 to present, this was only twice 
the rate of SLR over the same time period of 3.0 mm/yr (Talke et al., 2018). 
Therefore, this reflects a deceleration in sedimentation relative to an increas-

ing rate of SLR. For reference, the average accumulation rate for the last ∼100 years at 10 other Massachusetts 
Bay marshes with well-constrained age models is 3.9 mm/yr (SD = 0.75 mm/yr), or 1.35 times the contempora-
neous rate of SLR, with a maximum reported accumulation rate of 5.2 mm/yr (O’Keefe Suttles et al., 2021). Our 
surficial foraminiferal sample at N3 contained more than 50% M. fusca, which shows that the marsh has yet to 
aggrade sufficiently within the tidal frame to match inundation frequencies prior to the inlet switch. Furthermore, 
marsh inundation depths along the North River remain greater than those along the South River (Figure 5). Thus, 
the timescale of marsh adjustment for the North River system likely exceeds ∼120 years.

Proximal to the new inlet, average sediment accumulation rates based on a ∼1900 onset for bulk lead contami-
nation have been even greater than that observed at N3, averaging 10 and 8 mm/yr respectively for N1 and N2. 
The high deposition rate at N1 is likely due to rapid subsidence providing accommodation space and abundant 
marine-derived sediment (Baranes et al., 2022). We hypothesize that the high subsidence rate at N1 was caused 
by rapid peat oxidation due to the dense channel network at N1 that allows for efficient drainage of the marsh 
peat.

By examining modern water levels, modern marsh platform elevation, and estimating average marsh compaction 
for the region, we can make an approximation of how platform elevation and water levels have adjusted since the 
1898 inlet switch. For this analysis, we rely on observations from site N3, where field observations provide good 
estimates for modern elevations of MHW, the marsh platform, and the organic-rich marker horizon (Figure 7, 
2018 panel). Based on observed modern MHW attenuation of 5 cm/km, we estimate that North River MHW 
increased in 1898 by a minimum of 30 cm following the 6 km channel shortening. Regional relative SLR since 
the inlet switch has also increased water levels, totaling 25 cm during 1898–2018 (Talke et al., 2018). SLR plus 

Figure 6. Panel (a) shows North River channel widths in 2019, 1960, and 
1870 versus distance from the inlet. Panel (b) shows the percentage change 
in North River width from 1870 to 2019 (black) and from 1960 to 2019 
(gray). Negative % values indicate narrowing, and positive % values indicate 
widening. The dashed blue line represents the average channel widening from 
1870 to 2019. The shaded area represents the standard error of the mean. Note 
that distances from the ocean increase to the left, consistent with our site map.
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the inlet switch-induced increase in MWH totals ∼55 cm, which is 10 cm less than the 65 cm of sediment depo-
sition at N3 during the same time (Figure 2). Marsh compaction explains the discrepancy of sediment deposition 
10 cm in excess of the accommodation space provided by the increase in MHW levels. Compaction provided 
additional accommodation space by lowering the marsh platform during the 120 years following the inlet switch 
and loading of the marsh platform with mineral-rich sediment (Figure 7).

Compaction creates accommodation space between the marsh platform and MHW and can allow for deposition 
rates in excess of SLR (Brain et al., 2017; Cahoon et al., 2002). Using well-constrained age models from marsh 
cores from the region, we used the difference between sedimentation rates and SLR to estimate marsh compaction 
(Cahoon et al., 1995). Between 1898 and 2018 sea level rose 25 cm (Talke et al., 2018) and salt marsh deposition 
rates multiplied by 120 years at natural reference sites reported in O’Keefe Suttles et al. (2019) averaged 54 cm 
(n = 10, st.dev. = 9.0 cm). Excess sedimentation above SLR assuming a constant inundation depth through time 
yields a regional compaction estimate of ∼30 cm. Following thin layer placement of mineral-rich dredge sediment, 
marshes have been observed to undergo enhanced compaction (VanZomeren et al., 2018). We therefore view our 
compaction calculation as a minimum estimate for N3, as increased mineral sediment deposition there following 
the inlet switch likely amplified loading. Based on this minimum autocompaction estimate, the 1898 marsh plat-
form and marker horizon (green bar in Figure 7) was ∼30 cm higher than present elevation at the time of the inlet 

Figure 7. Schematic diagram of marsh platform and MHW elevations in meters relative to the NAVD88 datum through time 
at the site of our N3C1 core. Brown is marsh sediment, dark blue is water, and light blue is air. The green bar represents the 
1898 marker horizon (see methods). The left panel depicts conditions just prior to the 1898 inlet switch. The middle panel, 
1899, depicts conditions just after the inlet switch. The right panel, 2018, depicts conditions at the time of the study. Labels 
on the plots refer to elevations in m NAVD88, except for Ho. Label abbreviations are as follows: MHW = mean high water; 
z = platform elevation; Hz = top of the marker horizon; Ho = inundation depth (MHW-z).
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switch. This gradual compaction adjustment allows for the immediate increase in MWH after the inlet switch 
to persist to the modern in step with regional SLR. Persistent Miliammina fusca abundance within foraminiferal 
assemblages since the inlet switch through present day support this interpretation of continuously high inundation 
relative to pre-1898 conditions (Figure 4). A discrepancy still exists between pre-inlet switch estimated MHW 
inundation depth of 0.34 m and foraminiferal assemblages which suggest a platform elevation roughly equal to 
MHW. This discrepancy is likely due in part to the aforementioned conservative estimate of compaction, which 
was likely exceeded at N3. Furthermore, present day tidal attenuation may be less than occurred through the 
pre-1898 inlet, which was bounded by a prograding spit that constrained the channel. The new inlet is bounded 
by headlands and not impinged by a mobile spit, generally resulting in a much wider inlet relative to geometry of 
the old inlet, as depicted in the 1870 map (Figure 1). The more efficient new inlet helps explain the persistently 
high inundation depths since the inlet switch inferred from foraminifera. A steeper pre-1898 MHW attenuation 
gradient with distance from the inlet would have amplified the MWH increase following the inlet switch. This 
larger inferred increase in MHW would compel lower pre-1898 inundation at N3, consistent with foraminifera 
data that suggest infrequent inundation below the fibrous marker horizon.

The North River marsh's high accumulation rates provide an example of how a salt marsh can adjust to greater 
inundation depths when there is a sufficient mineral sediment supply. In general, the North-South Rivers 
Estuary is a mineral rich system. In the upper 50  cm of the marsh platform across core transects less than 
12 km from the  inlet, dry sediment subsamples averaged 76% mineral, versus 66% for other sites in the region 
(O’Keefe Suttles et al., 2021). At nearby Nauset Marsh (Cape Cod, Massachusetts, USA), sedimentation rates of 
up to 23.7 mm/y of largely mineral material were observed in response to the system's inlet migrating toward the 
measurement location (Roman et al., 1997). These rates were more than 10 times higher than those observed by 
Roman et al. (1997) at sites distal to the inlet site location. Were high temporal resolution observations available 
for the North River marsh in the early 1900s, we would expect similarly high accumulation rates immediately 
following the inlet switch at sites close to the new inlet.

Marshes along the South River channel were also affected by the inlet switch and resultant adjustment in water 
levels. Unlike the North River, South River MHW likely decreased in response to the inlet switch lengthening its 
channel by 5.6 km and nearly doubling the length of its tidal reach. Based on present day MHW attenuation of 
5 cm/km, marsh inundation depths likely decreased by roughly 30 cm after the old inlet closed completely. The 
observed increase in LOI above the bulk lead onset (Figure 2), which we interpret as roughly coincident with the 
inlet switch, is consistent with decreased inundation in the South River marsh resulting in less mineral sediment 
delivery and a shift toward more organogenic conditions. South River marsh accumulation rates at S3 of 3.0 mm/
yr during the last 100 years were slower than nine out of 10 reported marsh accumulation rates from the region 
(O’Keefe Suttles et al., 2021). The relatively slow sediment accumulation rates observed for the South River are 
likely due to reduced inundation depths and hydroperiods, which would have limited mineral material deposition 
(Temmerman et al., 2003). Furthermore, lengthening of the South River channel due to the closing of the old 
inlet would have decreased delivery of marine sediment, the system's primary mineral sediment source (Baranes 
et al., 2022).

Silt-peat transitions in marsh sediment have been interpreted as largely the product of local engineering projects 
or large-scale forcing such as changes in SLR or seismically-induced subsidence (Allen, 1997). Here we show 
that inlet dynamics that affect the propagation of tides may cause similar changes in lithology through strati-
graphic sections. Presently, marsh elevations relative to MHW are similar along the North and South Rivers at 
corresponding distances from the inlet, suggesting that the system has moved toward equilibrium with respect to 
the 1898 disturbance (Figure 5). Increased mineral sediment accumulation following the inlet switch was likely 
in part due to increased hydroperiod (Allen, 2000; Temmerman et al., 2003), but it is also likely that sediment 
concentrations increased in the North River after the inlet switch. The opening of the new inlet through the beach 
between two prominent bluffs comprised of glacial till, which has abundant clay and silts (Yellen et al., 2016) 
exposed these deposits to enhanced erosion that likely supplied fine grained mineral material to the North River 
marsh. Furthermore, the increased tidal prism within the North River channel network caused by the increase in 
MHW widened its channel, with eroded bank material providing an additional source of sediment. The mixed 
foraminiferal assemblage of low and high marsh foraminifera found immediately above the fibrous high marsh 
sediment supports rapid bank erosion as a source of sediment to the marsh platform, which has been documented 
in the region (Hopkinson et al., 2018).
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5.2. Tidal Elevations and Marsh Morphology

Modern MHW elevations decrease up-estuary at similar rates within the two main channels of the estuary, 
suggesting that the balance between channel friction and inertial forces within this system is roughly equivalent 
between the two main channels. This balance between dissipative and momentum forces in convergent estuarine 
channels, defined as those whose width decreases in the landward direction, is well documented in theoretical 
discussion (Fagherazzi & Furbish, 2001; Green, 1838; Jay, 1991; Lanzoni & Seminara, 1998). Our observations 
of decreasing landward MHW indicate that the North and South Rivers constitute a strongly dissipative system. 
The slight increase in MHW at our most landward site (N6) is likely the result of partial reflection of the tidal 
wave near the head of the estuary.

Carefully surveyed historical maps as far back as 1870 (Gannett & Grambs, 1888; Peirce et al., 1870) indicate 
that channel locations have been relatively stable with the exception of the inlet switch. Aerial imagery from 
1951 (University of Massachusetts, 1952) confirms stable channel dimensions since the mid-20th century. We 
therefore assume that pre-1898 up-estuary MHW attenuation occurred at a similar rate. Based on this assumption, 
the 5.6 km shortening of the North River channel would have caused, at minimum, a MHW increase of roughly 
30 cm, which is equivalent to present day total inundation depths at site S3 and S4. We consider this a minimum 
value due to the more efficient modern inlet versus the smaller, spit-bound old inlet. Firsthand accounts support 
this interpretation of an instantaneous increase in MHW along the North River. For example, S. alterniflora 
replaced S. patens along North River marshes, and the North River Boat Club house (river km 6.5) had to be 
moved due to regular flooding immediately following the inlet switch (Freitas & Ball, 1995). Furthermore, an 
Atlantic white cedar stand located just upstream of N5 (42.112714, −70.779918) died following the inlet switch, 
consistent with higher water levels drowning these trees (F. Freitas, personal communication, 2021). The plat-
form morphology of the estuary's marshes, which is common to this region (FitzGerald & Hughes, 2019), dictates 
that any change in tidal propagation over the marsh will have a disproportionate impact on tidal prism volume 
and resultant tidal velocities. North River marshes comprise roughly two thirds of the total estuarine area, and 
therefore, the increase in North River marsh inundation would have dramatically increased the tidal prism. We 
attribute the increase in North River channel widths (Figure 6) to erosion associated with channel adjustments to 
accommodate this increase in tidal prism.

Elsewhere in the region, channel widening has been attributed to crab herbivory (Smith, 2009) and 20th century 
SLR acceleration (Watson et al., 2017). In the case of the North and South Rivers, it is likely that the inlet switch 
and resultant changes in tidal range has driven the changes in channel dimensions. Namely, the North River 
widened and the South River did not. Channel dimensions are still responding to the inlet switch-altered tidal 
prisms. The rate of North River widening suggested by the comparison of 1870, 1960, and 2019 channel widths 
was relatively constant during pre versus post 1960 periods (Figure 6), suggesting continued channel widening 
to present. Along the North River channel banks, we observed marsh strata that are tilted downwards toward the 
channel that likely indicate slumping due to erosion and/or oxidation of the underlying sediments (see photo, 
Figure S1 in Supporting Information S1). The organic-rich 1898 marker horizon slopes toward the channel within 
10 m of the bank, providing further evidence for slumping (Figure S4 in Supporting Information S1). The widen-
ing of the North River channel during 1870–2019 represents horizontal erosion of the marsh platform. Using 
the reach lengths, change in channel width, and an average bank height of 3 m, we estimated the total eroded 
volume of marsh soil equaled 330,000 m 3. If this sediment were redistributed equally across the entire area of the 
present-day North River marsh platform assuming a similar bulk density of the eroded and deposited material, 
it would account for 6–8 cm of deposition, or ∼10% of deposition since the inlet switch. Thus, internal sources 
of material played a minor role in allowing the marsh to aggrade rapidly, and an external source is required to 
account for a majority of mineral sediment that has accumulated on the marsh since 1898. Results presented in 
Baranes et al. (2022) and here in Figure 3 provide support for marine-derived sediment as this dominant source.

In contrast to the North River, we hypothesize that the South River's cross sectional area decreased following 
the 1898 inlet switch resulting in a reduction in tidal prism on the South River. Although repeat width measure-
ments from historical maps and photos did not indicate narrowing of the channel, we suggest that shallowing 
has allowed for reduction in South River channel cross sectional area. Visible sandy shoals in the South River 
channel in 2014 aerial photos provide evidence for this adjustment (Figure S6 in Supporting Information S1). 
Recent topo-bathy lidar for the system (NOAA, 2022) reveals an average thalweg elevation of −0.7 m NAVD88 
for the North River versus −0.3 m NAVD88 for the South River (extracted from each channel within river km 
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5–10 where the channels are not bound by hard substrate). The shallower depth of the South River relative to the 
North River is consistent with bed aggradation on the South River allowing for adjustment to a smaller post-1898 
tidal prism.

5.3. Implications for Marsh Resilience

Despite the stress of increased inundation after the 1898 inlet switch, marshes along the North River channel have 
been resilient based on the US Geological Survey's widely applied metric for marsh health, the unvegetated to 
vegetated ratio (UVVR) (Ganju et al., 2022). Area weighted UVVR for the North River marshes averages 0.17, 
which falls in line with average UVVR for healthy marshes (Ganju et al., 2017). Observations presented here that 
show the conditions that allowed for this marsh's resilience have implications for effective marsh management, 
as well as the beaches that front them. With respect to beaches, we illustrate that inlet location can be a first 
order control in modulating local tidal heights, with the ∼30 cm MHW increase from inlet switch equaling or 
exceeding the magnitude of relative SLR at this location for the preceding century. Thus, it is worth emphasizing 
that variations in tidal range caused by dredging (e.g., Ralston et al., 2019), changes in inlet location, or channel 
straightening, can have larger short term impacts on marshes than regional or global SLR trends. With respect 
to marshes, the 1898 rapid increase in North River MHW provides an example of greater inundation allowing 
for increased delivery of mineral sediment (Mudd et al., 2009; Temmerman et al., 2003). It is likely that gener-
ally high sediment loads from coastal erosion of fine-grained glacial deposits following the inlet switch in part 
allowed for this rapid adjustment. As mentioned earlier, similar observations of marsh resilience to rapid relative 
SLR caused by groundwater withdrawals have been observed when coupled with abundant mineral sediment 
supply (Watson, 2004). However, in an example of increased inundation at the more sediment limited Ni-les'tun 
marsh in Oregon, USA, removal of a tidal gate resulted in a ∼1 m increase in marsh inundation depths, but sedi-
mentation rates in the first 5 years were only 3 mm/yr (Horton et al., 2017).

In addition to abundant sediment supplies provided in part by glacial legacy sediments at the new inlet, marsh 
systems that formed behind barrier beach systems depend on the stability of the beach location to persist. The 
North-South Rivers Estuary barrier beach is anchored in part by slowly eroding headlands (drumlins) that help to 
stabilize the beach location, which otherwise would likely be transgressing. Marsh vertical accretion can play a 
dominant role in marsh persistence when steep uplands prevent landward migration, but only provided an external 
suspended sediment supply.

If marshes are to survive rapid SLR, especially in sediment-deficient regions like the Northeast US, we need 
to ensure that marshes have continued access to mineral sediment supplies. Removing sediment from estuarine 
systems, for example, via dredging, presents an added stressor (Chant et al., 2021; Ganju, 2019) that compounds 
the effects of accelerating SLR and eutrophication (Deegan et al., 2012; Turner et al., 2009; Wigand et al., 2014). 
Similarly, engineering of the coastline to halt erosion may have the unintended consequence of reducing sources 
of sediment important to marsh health (Baranes et al., 2022; Hache et al., 2020; Peteet et al., 2018). In coastal 
regions that lack large supplies of suspended fluvial sediment, such as the coastlines of the northeast US, 
Australia, and West Africa (Milliman & Farnsworth, 2013), managers must consider alternate supplies of sedi-
ment to replace the potentially reduced sediment flux from armored coastlines and dredging projects.

6. Conclusion
A change in inlet location to the North-South Rivers Estuary during the 1898 Portland Gale caused an abrupt 
∼30 cm increase in mean high water along the shortened North River, illustrating the role of barrier dynamics 
in modulating tidal inundation depths in salt marshes. The increase in tidal heights provided an opportunity to 
observe resultant changes to tidal marsh lithology and elevation under conditions analogous to rapid SLR. North 
River tidal marshes proved resilient to increased inundation, rapidly building elevation at up to five times the rate 
of regional SLR over the same time period. Initially, rapid accumulation of inorganic material played a large role 
in building elevation, providing evidence that mesotidal marshes with sufficient supplies of mineralogic sediment 
should be resilient to projected future SLR. Dredging and shoreline armoring currently reduce marine sediment 
which is the main supply of sediment to many tidal marshes in the Northeast US, where sediment loads from local 
rivers are generally low. Therefore, in order to build tidal marsh resilience, management efforts should be focused 
on creative solutions that restore sediment sources that are lost to dredging and shoreline armoring.
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