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Abstract 21 

Barrier inlets and marshes behind them are often viewed and managed as separate systems 22 

with independent controls because they are affected by different boundary conditions. Here, we 23 

make use of a 120-year-old storm-driven change in inlet location to illustrate how barrier 24 

beaches and wetland processes are intricately linked. Further, we show that tidal marshes can 25 

be resilient to a rapid increase in inundation given sufficient sediment supply and discuss 26 

implications for coastal management along sediment-deficient coastlines. 27 

 28 

In 1898, a coastal storm eroded a new inlet through the barrier beach that fronts the North-29 

South Rivers Estuary in Massachusetts, USA. The old inlet silted in after the storm, and the 30 

change in inlet location shortened the North River channel by 5.6 km. After the inlet location 31 

change, historical records indicated increased high tide levels along the North River. We make 32 

use of this increase in water levels and associated marsh response to examine conditions that 33 

have allowed for marsh resilience after a rapid increase in inundation depth. Sediment cores 34 

show that increased mineral sediment deposition after 1898 played a dominant role in allowing 35 

marshes along the North River channel to adjust to greater inundation. To accommodate 36 

greater tidal flow after the change in inlet location, the North River channel widened by an 37 
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average of 18%. Edge erosion from channel widening likely provided sediment to the marsh 38 

platform. Modern water level monitoring along the channel shows that mean high water declines 39 

landward by at 4.8 cm/km up to 10 km from the inlet. North River channel shortening thereby 40 

likely increased mean high water by at least 27 cm within the lower estuary. At present, the 41 

marsh platform elevation along both channels has largely reequilibrated to the effective change 42 

in sea level, with similar marsh inundation depths along both channels of the estuary. The role 43 

of mineral sediment in allowing for rapid marsh sediment deposition and resilience of this marsh 44 

to an abrupt increase in inundation depth points to the importance of management strategies 45 

that maintain sediment supplies to coastal regions.  46 

  47 
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1. Introduction: 48 

Salt marshes aggrade in quasi-equilibrium with sea level rise via the accumulation of organic 49 

matter and mineral sediment, thereby maintaining marsh platform elevation within the tidal 50 

frame (Allen, 2000; Cahoon et al., 2019). External perturbations, such as an acceleration in 51 

relative sea level rise (SLR), can be compensated for by two main mechanisms. First, the 52 

resultant increase in inundation depth tends to augment sediment delivery to the marsh platform 53 

as the flood duration and time to trap suspended sediment increases (Day et al., 1999; Reed, 54 

1990; Temmerman et al., 2003). Second, bioproductivity and belowground biomass production 55 

tend to increase with increasing inundation depth up to a threshold where marsh grasses die 56 

(Pomeroy et al., 1981; Snedden et al., 2015). Under moderate rates of relative SLR, marshes 57 

can persist for thousands of years by building vertically (Pederson et al., 2005; Redfield, 1972) 58 

and/or transgressing into uplands (Rampino and Sanders, 1980). However, submerged salt 59 

marsh peat found far offshore dating to the early Holocene (Emery et al., 1965; Wolters et al., 60 

2010), when global SLR rates were ~10-15 times higher than rates over the last 6000 years 61 

(e.g., Lambeck et al., 2014), indicates that marshes fail when SLR exceeds their ability to build 62 

elevation or when SLR-driven shoreline transgression removes the protective morphologies 63 

(e.g. barrier beaches) that enable marsh development. Many studies have modeled SLR rate 64 

thresholds for marsh survival under various projections of future SLR using known relationships 65 

between marsh inundation, sediment supply, and observed vegetative response to changing 66 

inundation depth (D’Alpaos et al., 2007; French, 2006; Kirwan and Guntenspergen, 2010; 67 

Langston et al., 2020). However, these studies can only be performed in model space, as 68 

physical experiments testing the effect of rapidly rising sea level on tidal marsh resilience would 69 

be impractical and prohibitively expensive.  70 

 71 

While it is impossible to directly observe how salt marshes will respond to sustained accelerated 72 

SLR in the future, we can make use of past instances of rapid increases in tidal inundation to 73 

inform our understanding of factors that improve marsh resilience to SLR. Several examples 74 

exist of changes in tidal dynamics or land elevation leading to rapid, local increase in tidal 75 

inundation and impacts to marshes. Removal of tidal restrictions such as undersized culverts 76 

can increase the height of high tide and the resulting tidal inundation of the marsh platform. 77 

Boumans et al. (2002) point out that removal of tidal restrictions should be done with care, as 78 

the rapid increase in inundation could further stress degraded marshes, especially those that 79 

subsided while tides were restricted. Tectonic events that result in coastal subsidence can 80 
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quickly increase sea level relative to tidal marsh elevation. At many estuaries adjacent to the 81 

Cascadia Subduction Zone (northern California, Oregon, and Washington USA; British 82 

Columbia, Canada), sediment records provide evidence for repeated transitions of salt marsh to 83 

intertidal mudflat following earthquakes that increased relative sea level in excess of 0.5 m (e.g., 84 

Atwater and Hemphill-Haley, 1996). Subsequent reestablishment of the marsh is recorded in the 85 

sedimentary record as couplets, with mineral rich sediment overlying organic rich soils or peats 86 

that grade back into organic salt marsh sediments (Shennan et al., 1996). Rapid seismically-87 

induced subsidence along active margins is typically followed by uplift that reduces the rate of 88 

relative SLR once the tectonic plates become coupled again. While the role of tectonics in 89 

driving changes to relative sea level and marsh response has been well documented, marsh 90 

impacts from changing barrier/inlet dynamics and resultant tidal adjustments are less certain. 91 

On passive margins, where salt marshes are more common, barrier/inlet dynamics may play a 92 

first order role in mediating tidal propagation and impacts to salt marshes. 93 

 94 

Connections between barrier dynamics and lagoonal tidal wetlands have long been established. 95 

Landward of barrier island complexes, Lucke (1934) highlighted the tendency for tidal marshes 96 

to initiate on flood-tide deltas. Barrier inlet stability plays a first order control on the subsequent 97 

development and morphology of back barrier marsh complexes, with divergent marsh 98 

geometries forming behind stable versus migrating barrier inlets. Migration of inlet locations can 99 

affect tidal marsh sedimentation rates, with increased proximity of marine sediment driving 100 

enhanced delivery of mineral sediment (Roman et al., 1997). The spacing between tidal inlets is 101 

controlled in large part by tidal range, with larger tidal prisms requiring more closely spaced 102 

inlets (FitzGerald, 1988; Hayes, 1979), which in turn can control where marshes initiate within 103 

lagoons. However, the impact of abrupt changes in inlet location on back barrier marshes is 104 

relatively understudied despite the relatively frequent nature of barrier breaches leading to new 105 

inlet formation.  106 

  107 

Here we make use of an historic change in tidal inlet location to the North-South Rivers Estuary, 108 

first to illustrate how the estuary’s tidal marsh responded to resultant increased tidal elevations, 109 

and second to show the role of inlet location in controlling tidal propagation up estuarine 110 

channels. To our knowledge, this is the first study to highlight the first order control of inlet 111 

location on tidal heights and salt marsh response. Results from this study can help guide tidal 112 

marsh restoration involving the removal of tidal restrictions and encourage coastal management 113 

practices that treat sediment as a valued resource. 114 
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 115 

2. Site Description 116 

 117 

2.1 North-South Rivers Estuary 118 

Our study site, the North-South Rivers Estuary (NSRE) is a mesotidal (~3.5 m tidal range) bar-119 

built estuary with two main channels, the 20 km North River and 13 km South River, which are 120 

connected to Massachusetts Bay by a shared inlet (Fig. 1). Channel widths are approximately 121 

100 meters within their seaward reaches and narrow continuously up-estuary to ~30 m and ~15 122 

m at the head of tides on the North and South Rivers respectively. Both tidal channels are 123 

fringed by a high marsh platform that is generally 300-500 m in width. Low marsh areas are 124 

largely confined to channel proximal areas less than 2 km from the new inlet (Fig. 1), where the 125 

estuary has more of an open embayment morphology rather than a confined channel. Previous 126 

work investigating the timing of turbidity increases within the North and South Rivers and 127 

sediment deposition on the marsh platform showed that marine sediment delivered on the flood 128 

tide during coastal storms provides the primary source of suspended sediment to the estuary 129 

and marsh (Baranes et al., 2022). Sediment inputs from the watersheds of the North River (area 130 

= 210 km2) and South River (area = 60 km2) are relatively minor. 131 

 132 

Relative SLR at the Boston tide gauge, 35 km north along the coast, has averaged 2.87 +/- 0.15 133 

mm/yr during 1920-2020 (NOAA gauge 8443970). Tidal range in Massachusetts Bay averages 134 

about 3 m, similar to that observed at mouth of the North-South Rivers Estuary (Buynevich and 135 

Donnelly, 2006), with that range decreasing up-estuary (Roman et al., 1997; Baranes et al., 136 

2022). Salt marsh accumulation rates for the last 100 years, constrained by continuous 137 

radiometric dating of ten cores located just south of our study location in Cape Cod Bay, 138 

averaged 3.9 mm/yr, with a range 2.7 to 5.2 mm/yr (O’Keefe Suttles et al., 2021).  139 

 140 

2.2 The Portland Gale and Recent History 141 

In 1898, waves and storm surge from the Portland Gale eroded a new cut through the barrier 142 

beach that shelters the NSREestuary. The old, more southerly inlet closed by 1900 (Frietas and 143 

Ball, 1995), with the new northern inlet resulting in a 5.6 km shortening of the North River 144 

channel and equal lengthening of the South River (Fig. 1) (Buynevich and Donnelly, 2006). 145 

Firsthand accounts of the storm’s aftermath noted increased frequency of high marsh flooding 146 

along the North River after the inlet switch (Freitas and Ball, 1995).  147 

 148 
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Industrial pollution has also left its mark on the estuary. A former munitions manufacturing, 149 

testing, and disposal facility called “The Fireworks Site” is located on a tributary to the North 150 

River in Hanover, MA (Fig. 1). The facility began operations during World War I (1914-1918) 151 

and is known to have used lead and mercury in its manufacturing processes (Town of Hanover, 152 

2008), which have since been found in high concentrations in surrounding surface water, 153 

sediment, and fish tissue (Tetra Tech, 2005) 154 

 155 

We make use of this natural experiment of an abrupt change in inlet location and channel 156 

shortening to observe resultant impacts to tidal heights and salt marsh inundation along the 157 

North River. We combine water column observations, elevation surveys, and sediment cores to 158 

evaluate what conditions allowed the estuary’s marsh to survive this stressor. Observations 159 

from these systems can provide useful guidance for coastal preparedness and conditions that 160 

may allow marshes to survive projected near-term SLR acceleration.  161 

3. Methods: 162 

3.1 Sediment cores and probing 163 

We collected 1 m sediment cores during March of 2018 from six locations on the marsh platform 164 

along the North River channel (N1-N6) and four locations along the South River channel (S1-165 

S4) (see Fig. 1 for locations). We used a 6 cm internal diameter gouge corer, which results in 166 

negligible vertical compaction and allows for visual observation in the field (Yellen et al., 2021). 167 

Core transects at each site extended away from the tidal river channel so that we could 168 

characterize changes in lithology and deposition rate with increasing distance from the channel. 169 

During low tide conditions, we observed a visually distinct stratum within the North River 170 

channel banks approximately 60-80 cm below the marsh platform that was characterized by 171 

erosion-resistance (protruding past other layers) and a reddish color.  Within marsh gauge 172 

cores, this stratum was also easily visually identified away from the channel. We used field 173 

observations of the depth to this layer in cores from the North River marsh as a 174 

chronostratigraphic tie point to assess relative deposition rates. We refer to this layer within this 175 

paper as the “marker horizon.” No such layer was observed in South River cores or along South 176 

River exposed channel banks.  177 

 178 

3.2 Sediment processing 179 
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Sediment cores were processed to identify temporal and spatial variability in deposition rate and 180 

sediment composition within the NSRENorth and South Rivers system. Sediment cores were 181 

transported to the University of Massachusetts, where they were split, described, and evaluated 182 

for down-core elemental abundances via X-ray fluorescence (XRF) core scanning (Croudace et 183 

al., 2006). A clear onset of elevated heavy metals evident in the XRF-derived bulk lead profile 184 

was used to assess relative sedimentation rates in South River marsh sites where the organic 185 

marker horizon was absent. The bulk lead onset depth is associated with the timing of 186 

industrialization, and generally dates to the late 1800s in this region (Nixon, 1995). Lead XRF 187 

counts were converted to concentrations according to an empirical regression based on North 188 

and South River marsh cores from Baranes et al. (2022).  189 

 190 

We used radiometric dating via down-core 137Cs and 210Pb profiles to constrain the date of the 191 

increase in bulk lead (Anisfeld et al., 1999; Cundy and Croudace, 1996). We chose 192 

representative cores N3C1 and S3C3 for gamma spectroscopy from transects N3 and S3 based 193 

on the following criteria: the core had to be a minimum of 20 m from the channel to avoid creek 194 

edge impacts that include lateral erosion, levying, and subsidence (Roner et al., 2016); the core 195 

top elevation was roughly equivalent to median marsh platform elevation; and the core’s XRF-196 

derived bulk lead profile enabled identification of the onset and peak of industrial metal 197 

contamination (Supp. Fig 1). Age versus depth models were obtained based on the depletion of 198 

210Pb in core subsamples via the constant rate of supply model (Appleby and Oldfield, 1978) 199 

and the 1954 CE onset and 1963 CE peak in 137Cs concentrations (Pennington et al., 1973). 200 

 201 

We subsampled 1 cm depth intervals from sediment cores every 10 cm to assess soil organic 202 

matter via loss on ignition (LOI), combusting dried and weighed samples at 550 °C for four 203 

hours (Dean, 1974). We increased sample resolution in representative cores S3C3 and N3C1 204 

above and below the organic marker horizon in all North River marsh cores and surrounding 205 

bulk lead onset depths in South River cores. 206 

 207 

3.3 Foraminifera 208 

Foraminiferal assemblages can be used to assess environmental conditions indicative of marsh 209 

inundation frequency (e.g., Scott and Medioli, 1978). Foraminifera were processed from core 210 

N3C1 according to standard methods (Scott and Medioli, 1980) and summarized here. Core 211 

subsamples spanning 1 cm from above and below the organic marker horizon were washed 212 

through sieves to isolate the 63-500 micron fraction and counted wet under a binocular 213 
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microscope. The greater than 500-micron fraction was checked for larger foraminifera. A 214 

minimum of 50 individuals were counted in each sample to ensure that it accurately 215 

characterized the assemblage (Kemp et al., 2020). Our taxonomy follows Wright et al. (2011) 216 

and references therein.  217 

 218 

3.4 Water surface elevation 219 

In order to assess the elevation of the marsh platform relative to the tidal frame, water surface 220 

elevation was measured at N1-N6 and S1-S4 (Fig. 1). Continuously logging pressure 221 

transducers were mounted to rebar and deployed in the channel below the lowest low tide level 222 

at each location and surveyed to NAVD88 with Real Time Kinematic GPS (RTK). Observations 223 

from a subaerial pressure transducer were used to correct water levels for barometric effects. 224 

Continuous salinity and temperature measurements adjacent to each pressure transducer were 225 

used to correct for density variations. Data loggers collected data for 40 days and therefore 226 

captured spring-neap tidal variability. We computed a 1983-2001 National Tidal Datum Epoch 227 

equivalent MHW datum at each sensor location using the NOAA Tidal Analysis Datums 228 

Calculator with the Boston NOAA gauge as a control station.   229 

 230 

3.5 Marsh surveying and channel dimensions 231 

We surveyed marsh platform elevation with RTK GPS along transects perpendicular to the 232 

channel edge at water level monitoring sites during March of 2018. Average elevation sample 233 

size was 65 points, with an average horizontal and vertical accuracy of 2 cm. All sites were 234 

characterized by high marsh grass species Spartina patens and short form Spartina alterniflora 235 

(Bertness, 1991), except for site N1, which is low marsh and dominated by tall and short form S. 236 

alterniflora.  237 

 238 

We compared mapped channel widths from before and after the 1898 inlet location change to 239 

evaluate changes in channel dimensions as a result of the inlet switch. We georeferenced a 240 

detailed 1870 map of the North-South Rivers Estuary (Peirce et al., 1870) that clearly depicted 241 

the marsh edge to make pre-1898 channel measurements. In a geographic information system, 242 

channel widths were measured every 0.25 km along both estuarine channels, with channel 243 

width defined as marsh edge to marsh edge. The same measurements were made on a 244 

georeferenced 2019 orthomosaic aerial photo (MassGIS, 2019). North River width 245 

measurements began 3 km from the new inlet where the estuary transitions from an open 246 

embayment morphology to a confined channel, and continue up to the head of tides (river km 247 
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20). South River measurements span river km 6.5 to 10, beginning at the old inlet location, and 248 

ending at the edge of the 1870 map coverage. 249 

4. Results: 250 

4.1 Deposition Rates, Stratigraphy, and Foraminifera 251 

We used short lived radionuclides to constrain the deposition rates of representative marsh 252 

cores from the North River and South River marshes. Age models based on 210Pb and 137Cs 253 

from these representative cores indicated roughly twice as much deposition at N3 than at S3 254 

since ~1900 (Fig. 2A). The average deposition rate in the upper 72 cm of the North River core 255 

(since ~1900) was 6.1 mm/yr. South River deposition during the same period at S3C3 averaged 256 

3.0 mm/yr.  257 

 258 

Bulk lead concentrations and organic content (LOI) profiles are shown in Figure 2B to relate the 259 

dates of the heavy metal contamination onset and organic marker horizon to the age model. At 260 

transect N3, the depth of the organic marker horizon (see section 3.1) is clearly depicted by high 261 

LOI values between 67 and 70 cm and is contemporaneous with the step function rise in bulk 262 

lead contamination. LOI values decreased to 7% immediately above the marker horizon, and 263 

then slowly increased towards the surface. This indicates an increase in clastic content above 264 

the marker horizon, followed by a gradual increase in organic content toward present. In 265 

contrast to N3, LOI at S3 increased above background levels following the increase in bulk lead 266 

and remained elevated to the present, indicating persistent increase in organics after the early-267 

1900s. . 268 

 269 

A comparison of the onset depth of lead contamination across the estuary indicated generally 270 

higher 20th century accumulation rates along the North River marsh than in the South River 271 

marsh, consistent with observations from our cores dated via gamma spectroscopy (Fig. 3). 272 

While Figure 2 depicts lead profiles from a single representative core from each marsh transect, 273 

depositional patterns were consistent across marsh transects (Supp. Fig. 1). At up-estuary 274 

North River transects (N4-N6), the sediment thickness above the base of lead contamination 275 

totaled approximately 60 cm versus 40 cm depth at S2-S4, indicating ~50% more accumulation 276 

since industrialization. At cores N1-N3 and S1, located closer to the new inlet that formed in 277 

1898, lead onset depth increased with proximity to the new inlet, with approximately 122 cm of 278 

sediment deposition at site N1 since the initial rise in lead abundance. Baranes et al. (2022) 279 
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noted a marked up-estuary increase in sediment lead abundance along the North River (note 280 

that the x-axes change in Fig. 3), much of which was sourced from an upstream contaminated 281 

site (Tetra Tech, 2005). Down-estuary lead dilution provided evidence for a dominant marine 282 

sediment source to the estuary (Baranes et al., 2022).  283 

 284 

Foraminiferal assemblages were enumerated from core N3C1 (Fig. 4) to assess changes in 285 

tidal inundation depth and frequency associated with the organic marker horizon at 67-70 cm 286 

depth. The two foraminiferal samples below the organic horizon (70-71cm and 75-76 cm) were 287 

characterized by an assemblage dominated by high marsh species. In contrast, samples from 288 

65-66 cm and 60-61 cm reflected lower marsh conditions with more frequent flooding. 289 

Specifically, samples below the organic horizon included Jadammina macrescens and 290 

Trochammina inflata (96-98%, respectively) with <1% of species including Miliammina fusca, 291 

Ammobaculites spp, and Reophax spp. At 65-66 cm, there was a switch in assemblage to 292 

species more associated with more frequent tidal inundation. M. fusca (9%), Ammobaculties 293 

spp (9%), and Reophax spp. (<1%) to 19% of the assemblage while continuing to be dominated 294 

by J. macrescens (75%). This pattern continues at 60-61 cm with an increase in M. fusca (50%) 295 

and Ammobaculites spp. (30%) to 80% of the assemblage with J. macrescens significantly 296 

reduced (6%). This trend continues up core at 45-46 cm with increasing M. fusca (70%), J. 297 

macrescens (20%), and T. inflata (7%) and a reduction in Ammobaculites spp (1%). Towards 298 

the top of the core at 15-16 cm, there is a reduction in M. fusca (61%) and J. macrescens (13%) 299 

and an increase in T. inflata (21%) and Tiphotrocha comprimata (5%). 300 

 301 

4.2 Along Channel Tidal Observations  302 

MHW elevation generally decreased with increasing distance from the inlet, with roughly equal 303 

tidal attenuation observed in the North and South River channels. MHW ranged from a 304 

maximum 1.50 m NAVD88 near the inlet (location N1) to a minimum of 1.12 m NAVD88 on the 305 

South River at S4 (12.2 km from the inlet) and a minimum of 1.19 m NAVD88 on the North River 306 

at N5 (12.8 km from the inlet; Fig. 2A). MHW elevation decreased 4.8 cm per km up-estuary 307 

from the inlet along both estuarine channels up to 8.5 km from the shared inlet. This trend 308 

reversed in the upper reaches of the North River tidal channel, with MHW elevation increasing 309 

by 5 cm over the 3.5 km from N5 to N6 (Fig. 2B). For seaward sites (less than 8.5 km from the 310 

inlet), MHW elevation was approximately 5 cm higher in the North River channel than in the 311 

South River at equivalent distances from the inlet, with the difference decreasing to zero at 312 

distances more than 12 km from the inlet (Fig. 2A).  313 
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 314 

4.3 Marsh Platform Elevation 315 

Median marsh platform elevation along the North River channel tended to decrease up-estuary 316 

(Fig. 5). Site N1, a low marsh site exposed to wave energy from the inlet, was an exception. 317 

Along the South River, median marsh elevation increased from sites S1 to S3 and decreased 318 

towards S4 (Fig. 5A). Marsh platform 25th-75th centile elevations varied less than 10 cm within 319 

individual transects at each site (again with the exception of N1). The average 25th-75th centile 320 

elevation range at sites N2, N3 and S1-S4 was 5 cm. At upper estuary sites N4-N6, marsh 321 

elevation varied even less, averaging 3 cm for the same metric.  322 

 323 

We estimated average marsh inundation depth at high tide throughout the estuary by 324 

subtracting median marsh elevation from MHW values at each transect. Marsh inundation depth 325 

generally decreased up-estuary, ranging from 0.81 m at the mouth (site N1) to 0.25 m at S3 and 326 

S4 (Fig 5B). Inundation depths on the South River marsh were less than those on the North 327 

River at all equivalent distances from the inlet except S1, which is located between the old and 328 

new inlet locations, and therefore did not experience channel shortening as result of the inlet 329 

switch. High-marsh average inundation depths in the lower estuary (< 8 km from the inlet) were 330 

0.47 m on the North River (N2-N4) and 0.42 m on the South River (S1-S3). In the upper 331 

estuary, (N5, N6, S4), North River marsh inundation averaged 0.46 m, which was nearly double 332 

the inundation depth of 0.25 m along the upper reaches of the South River (Site S4).  333 

 334 

4.4 Marsh channel dimensions 335 

Channel width measurements from 1870 and 2019 indicated a coherent signal of channel 336 

widening along the North River, but not the South River (Fig. 6). North river channel width 337 

measurements indicated an average increase of 18% (standard error = 3%) across the 49 338 

measured locations, with 32 of the locations experiencing > 10% widening, and only four 339 

experiencing > 10% narrowing. Conversely, the South River did not experience widening. 340 

Depiction of the South River on the 1870 map extended upstream only to river km 10.5, and 341 

therefore only allowed for 16 width measurements. Of the 16 width change observations, five 342 

showed widening and three showed narrowing of more than 10%, with an average widening of 343 

4% (standard error = 3%). The widening of the North River channel represents horizontal 344 

erosion of the marsh platform. Using the reach lengths, change in channel width, and an 345 

average bank height of 3 m, we estimated the total eroded volume of marsh soil equaled 346 

330,000 m3. If this sediment were redistributed equally across the entire area of the present-day 347 
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North River marsh platform assuming a similar bulk density of the eroded and deposited 348 

material, it would account for 6-8 cm of deposition.  349 

5. Discussion: 350 

5.1 Marsh accumulation rates and stratigraphy 351 

Based on the timing and stratigraphy surrounding the cohesive, organic-rich marker horizon 352 

evident at transects N1-N4, we interpret the layer as a pre-1898 stable high marsh platform. The 353 

transition from foraminifera assemblages at N3 dominated by J. macrescens and T. inflata 354 

(below 70 cm depth) to an assemblage with increased M. fusca, Ammobaculites spp. and 355 

Reophax spp. (shallower than 65 cm depth) is consistent with this part of the North River marsh 356 

transitioning to experiencing greater inundation after 1898. Specifically, the change in 357 

foraminifera assemblage suggests a change in depositional environment from at or above MHW 358 

before the inlet switch to below MHW afterward. Following the inlet switch and resultant 359 

increase in MHW along the North River, sediment organic content abruptly decreased from 46% 360 

to 7% at our representative N3 transect core (Fig. 2A). The mineral-rich nature of this overlying 361 

sediment reflects a greater hydroperiod and inundation depth following the inlet switch 362 

(Temmerman et al., 2003).  363 

 364 

Sediment accumulation rates over the first half of the 20th century (1898-1963) of 5.8 mm/yr 365 

were nearly four times the regional rate of SLR during that time (Talke et al., 2018). 366 

Furthermore, accumulation rates during the first 1-2 decades after the inlet switch (i.e. 1900-367 

1920) were likely higher, but radionuclide data do not allow for resolution of shorter term 368 

accumulation rates. Rapid accumulation rates in the early 1900s were initially supported largely 369 

through enhanced trapping of mineral sediment. As the marsh built elevation over the ensuing 370 

decades, inundation depths and mineral sediment trapping decreased, which is reflected by the 371 

increase in LOI towards the core top. Sedimentation rates remained high from 1963 to the 372 

present, averaging 6.3 mm/y; however, this is only twice the rate of SLR over the same time 373 

period of 3.0 mm/yr, and therefore reflects a deceleration relative to the rate of SLR. Proximal to 374 

the new inlet, at sites N1 and N2, sediment accumulation rates since the inlet switch were even 375 

greater (10.1 and 7.5 mm/yr respectively based on a ~1900 date for bulk lead onset). For 376 

reference, the average accumulation rate for the last ~100 years at ten other Massachusetts 377 

Bay marshes with well-constrained age models was only 3.9 mm/yr (SD=0.75 mm/yr), or 1.35 378 

times the rate of SLR, with a maximum reported accumulation rate of 5.2 mm/yr (O’Keefe 379 
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Suttles et al., 2021). Our most recently sampled foraminiferal assemblages at 15-16 cm (~CE 380 

1990) contain significant M. fusca, which shows that the marsh had yet to reach the same 381 

inundation frequencies as prior to the inlet switch. This suggests a recovery period in excess of 382 

~90 years. 383 

 384 

The North River marsh’s high accumulation rates provide an example of how a salt marsh can 385 

adjust to greater inundation depths when there is a sufficient external sediment supply. In 386 

general, the NSRE is a mineral rich system, with a mean LOI of 24% in the upper 50 cm of the 387 

marsh platform across core transects less than 12 km from the inlet. For reference, the mean 388 

LOI value from the upper 50 cm of 99 sediment cores from the Northeast US evaluated by 389 

Holmquist et al. (2018) equals 38%. At nearby Nauset Marsh (Cape Cod, Massachusetts, USA), 390 

sedimentation rates of up to 23.7 mm/y of largely mineral material were observed in response to 391 

the system’s inlet migrating toward the measurement location. These rates were more than ten 392 

times higher than those observed far from the inlet. Were high temporal resolution observations 393 

available for the North River marsh in the early 1900s, we would expect similarly high 394 

accumulation rates immediately following the inlet switch. 395 

 396 

Marshes along the South River channel were also affected by the inlet switch and resultant 397 

adjustment in water levels. Unlike the North River, South River MHW likely decreased in 398 

response to the inlet switch lengthening its channel by 5.6 km and nearly doubling the length of 399 

its tidal reach. Based on present day MHW attenuation of 4.8 cm/km, marsh inundation depths 400 

likely decreased by roughly 27 cm after the old inlet closed completely. The observed increase 401 

in LOI above the bulk lead onset, which we interpret as roughly coincident with the inlet switch, 402 

is consistent with decreased inundation in the South River marsh resulting in less sediment 403 

trapping and a shift towards more organogenic conditions. South River marsh accumulation 404 

rates at S3 of 3.0 mm/yr during the last 100 years were slower than nine out of ten reported 405 

marsh accumulation rates from the region (O’Keefe Suttles et al., 2021). The relatively slow 406 

sediment accumulation rates observed for the South River are likely due mostly to reduced 407 

inundation depth and hydroperiod, which would have limited mineral material deposition 408 

(Temmerman et al., 2003) and suppressed bioproductivity (Mudd et al., 2009). Furthermore, 409 

lengthening of the South River channel due to the closing of the old inlet would have decreased 410 

delivery of marine sediment, the system’s primary mineral sediment source (Baranes et al., 411 

2022). The decrease in MHW may also have led to more oxidizing conditions within the marsh 412 

soil. Tidal restrictions that similarly decrease MHW have been observed to cause peat collapse 413 
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and aerobic oxidation of soil organic matter that lead to subsidence (Anisfeld et al., 1999). If the 414 

decrease in South River MHW following the inlet switch led to marsh peat oxidation and 415 

subsidence, tides may have been able to inundate the marsh along the upper section of its tidal 416 

reach.  417 

 418 

The Morris (2007) marsh equilibrium model can provide context for how North River marshes 419 

were able to persist following the increase in inundation depths caused by the 1898 inlet switch. 420 

The model predicts that marsh elevation change varies proportionally to inundation depth and 421 

biomass production. Inundation also controls biomass production, which Morris fit to a negative 422 

parabolic relationship such that biomass production increases at greater inundation depth, but 423 

collapses above some threshold depth at which the marsh drowns. Given NSRE’s tidal range, 424 

biomass production would likely peak at around 1 m inundation depth, and collapse at around 2 425 

m (Kirwan and Guntenspergen, 2010). Thus, both increased mineral sedimentation and 426 

biomass production likely contributed to North River marsh persistence following the 1898 427 

increase in MHW.  428 

 429 

Allen (1997) interpreted silt-peat transitions in marsh sediment as largely the product of local 430 

engineering projects or large-scale forcing such as changes in SLR or seismically-induced 431 

subsidence. Here we show that inlet dynamics that affect the propagation of tides may cause 432 

similar changes in lithology through stratigraphic sections. Presently marsh elevations relative to 433 

MHW are similar along the North and South Rivers at corresponding distances from the inlet, 434 

suggesting that the system has moved towards equilibrium with respect to the 1898 disturbance 435 

(Fig. 5). Increased mineral sediment accumulation following the inlet switch was likely in part 436 

due to increased hydroperiod (Allen, 2000; Temmerman et al., 2003), but it is also likely that 437 

sediment concentrations increased in the North River after the inlet switch. The opening of the 438 

new inlet through the beach between two prominent bluffs comprised of glacial till (Baranes et 439 

al., 2022) exposed these deposits to enhanced erosion that likely supplied fine grained mineral 440 

material to the North River marsh. Furthermore, the increased tidal prism within the North River 441 

channel network caused by the increase in MHW widened its channel, with eroded bank 442 

material providing an additional source of sediment. The mixed foraminiferal assemblage of low 443 

and high marsh foraminifera found immediately above the cohesive high marsh sediment 444 

supports rapid bank erosion as a source of sediment to the marsh platform, which has been 445 

documented in the region (Hopkinson et al., 2018).  446 

 447 



15 
 

5.2 Tidal elevations and marsh morphology 448 

Modern MHW elevations decrease up-estuary at similar rates within the two main channels of 449 

the estuary, suggesting that the balance between channel friction and inertial forces within this 450 

system is roughly equivalent between the two main channels. This balance between dissipative 451 

and momentum forces in convergent estuarine channels, defined as those whose width 452 

decrease in the landward direction, is well documented in theoretical discussion (Fagherazzi 453 

and Furbish, 2001; Green, 1838; Jay, 1991; Lanzoni and Seminara, 1998). Our observations of 454 

decreasing landward MHW provide an example of a moderately dissipative system, with a slight 455 

increase in MHW at our most landward site N6 caused by wave reflection off the head of the 456 

estuary.  457 

 458 

Historical maps as far back as 1870 (Gannett and Grambs, 1888; Peirce et al., 1870) indicate 459 

that channel locations have been relatively stable with the exception of the inlet switch. Aerial 460 

imagery from 1951 (University of Massachusetts, 1951) confirms stable channel dimensions 461 

since the mid- 20th century. We therefore assume that pre-1898 up-estuary MHW attenuation 462 

occurred at a similar rate. Based on this assumption, the 5.6 km shortening of the North River 463 

channel would have caused a MHW increase of roughly 27 cm, which is equivalent to present 464 

day total inundation depths at site S3 and S4. Firsthand accounts support this interpretation of 465 

an instantaneous increase in MHW along the North River. For example, S. alterniflora replaced 466 

S. patens along North River marshes, and the North River Boat Club house (river km 6.5) had to 467 

be moved due to regular flooding immediately following the inlet switch (Freitas and Ball, 1995). 468 

Furthermore, an Atlantic white cedar stand located just upstream of N5 (42.112714, -469 

70.779918) died following the inlet switch, consistent with higher water levels drowning these 470 

trees (F. Freitas, personal communication, 2021). The platform morphology of the estuary’s 471 

marshes, which is common to this region (FitzGerald and Hughes, 2019), dictates that any 472 

change in tidal propagation over the marsh will have a disproportionate impact on tidal prism 473 

volume and resultant tidal velocities. North River marshes comprise roughly two thirds of the 474 

total estuarine area, and therefore, the increase in North River marsh inundation would have 475 

dramatically increased the tidal prism. We attribute the increase in North River channel widths 476 

(Fig. 6) to this increase in tidal prism.  477 

 478 

5.3 Implications for Marsh Resilience 479 

Observations presented here have implications for both beach and marsh management. With 480 

respect to beaches, we illustrate that inlet location can be a first order control in modulating local 481 
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tidal heights, with the MHW increase from inlet switch equaling or exceeding the magnitude of 482 

relative SLR at this location for the preceding century. Therefore, in mesotidal systems, 483 

variations in tidal range caused by dredging (e.g., Ralston et al., 2019), changes in inlet 484 

location, or channel straightening, can have larger short term impacts on marshes than SLR. 485 

With respect to marshes, the 1898 rapid increase in North River MHW provides an example of 486 

greater inundation allowing for enhanced biomass production (Morris, 2007) and increased 487 

delivery of mineral sediment (Mudd et al., 2009; Temmerman et al., 2003). It is likely that 488 

generally high sediment loads from coastal erosion of fine-grained glacial deposits following the 489 

inlet switch in part allowed for this rapid adjustment, which perhaps cannot be counted upon 490 

across settings. If marshes are to survive rapid SLR, especially in sediment-deficient regions 491 

like the Northeast US, we need to assure that marshes have continued access to mineral 492 

sediment supplies. Dredging that removes sediment from the system presents an added 493 

stressor (Chant et al., 2021) that compounds the effects of accelerating SLR and eutrophication 494 

(Deegan et al., 2012; Turner et al., 2009; Watson et al., 2014). Engineering of the coastline to 495 

halt erosion may have the unintended consequence of reducing sources of sediment important 496 

to marsh health (Baranes et al., 2022). In coastal regions that lack large supplies of suspended 497 

fluvial sediment, such as the Northeast US and the Maritimes of Canada, managers must 498 

consider alternate supplies of sediment to replace the potentially reduced sediment flux from 499 

armored coastlines and dredging projects.  500 

 501 

In addition to abundant sediment supplies provided in part by glacial legacy sediments at the 502 

new inlet, marsh systems that formed behind barrier beach systems depend on the stability of 503 

the beach location to persist. The NSRE barrier beach is anchored in part by erosion-resistant 504 

headlands (drumlins) that help to stabilize the beach location. Where steep uplands prevent 505 

substantial landward marsh migration, marsh vertical accretion can play a dominant role in 506 

marsh persistence, but only if an external suspended sediment supply is maintained. 507 

 508 

Conclusion 509 

A change in inlet location to the North-South Rivers Estuary during the 1898 Portland Gale 510 

caused an abrupt ~27 cm increase in mean high water along the shortened North River, 511 

illustrating the role of barrier dynamics in modulating tidal inundation depths in salt marshes. 512 

The increase in tidal heights provided an opportunity to observe resultant changes to tidal 513 

marsh lithology and elevation under conditions analogous to rapid sea level rise. North River 514 

tidal marshes proved resilient to increased inundation, rapidly building elevation at up to five 515 
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times the rate of regional SLR over the same time period and have moved towards equilibration 516 

with the step change in tidal inundation depths. Initially, rapid accumulation of inorganic material 517 

played a large role in building elevation, providing evidence that mesotidal marshes with 518 

sufficient supplies of mineral sediment should be resilient to projected future sea level rise. 519 

Dredging and shoreline armoring currently reduce marine sediment, the main supply of 520 

sediment in the Northeast US, where rivers supply limited amounts of sediment. Therefore, in 521 

order to build tidal marsh resilience, management efforts should be focused on creative 522 

solutions to restoring sediment sources lost when dredging and shoreline armoring are 523 

unavoidable.  524 
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Figure 1: Site map of the North‐South Rivers Estuary (NSRE). 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 areas in white, and upland is shaded in grey. The panel 
at right shows the North South Rivers Estuary barrier beach as depicted in an 1870 chart (Pierce et al., 1870). 
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Figure 2: Panel A: Age versus depth models from representative cores 
ar N3 and S3, including age controls derived from 210Pb, 137Cs onset 
and peak, and coring date in 2018. Panel B: Lead and LOI profiles from 
North River and South River representative cores. Lead profiles from 
ITRAX scanner in units of ppm based on an empirical regression 
presented in Baranes et al. (2022). Grey shaded bars in N3 profiles 
depict the depth of the visually identifiable marker horizon.
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Figure 3 Lead profiles from representative sediment cores from the North River (top 
row) and South River (bottom row) from ITRAX XRF 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. 



Decreasing inundation frequency

Figure 4 ‐ Total abundances of foraminifera taxa by percent in five discrete 1 cm 
sediment samples (see section 4.3), including Jadammina macrescens
(Jm), Trochammina inflata (Ti), Miliammina fusca (Mf), Ammobaculites (Ab). Taxa are 
ordered from left to right according to the species elevation optima from Wright et al 
(2011) with less frequent inundation on the left. The green shaded depth indicates the 
depth of the cohesive organic horizon.
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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 Fig. 1) and summaries of RTK‐derived marsh platform 
elevations at each transect location depicted. Boxes represent the 25th‐75th centiles, 
and whiskers representing the 10th and 90th centiles. 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 Fig. 1.
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Figure 6 – Panel A shows North River channel widths in 2019 and 1870. Panel B 
shows the percentage change in North River width from 1870 to 2019. Negative 
% values indicate narrowing, and positive % values indicate widening. The blue 
line represents the average channel widening. The shaded area represents the 
standard error.



Supplementary Figure 1: Elevation and depth to chronostratigraphic tie points for sediment core transects 
N3 and S3. The upper‐left panel shows the location of the sediment cores scanned via XRF spectroscopy for 
lead abundance (red dots) and locations of cores that were inspected visually in the field with the depth of 
cohesive, organic‐rich layer noted (yellow dots). Arrows indicate the location of cores selected for gamma 
spectroscopy. The lower left panel shows an elevation profile from the marsh surface RTK points (blue dots) 
with elevation of the marker horizon (yellow dots) and the lead profile from core N3C1. The right panels 
show similar observations for South River transect S3. Because the organic marker horizon was not present 
in the South River marsh, lead profiles for cores away from the channel are shown to illustrate the continuity 
in deposition rates away from the channel.
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