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ells NERR is located on the coast of southwestern
Maine. Bedrock structure frames the Maine coast
through a series of outcrops of resistant rocks that form
headlands and less resistant rocks of embayments and
estuaries. Long-term geological processes culminated in
erosion by the vast continental ice sheets of the last glaciation circa 20,000 years ago. Glacial till, sand and gravel
outwash, and glaciomarine mud produced during the
retreat of these glaciers provide much of the sediments for
beaches, estuaries and salt marshes of Maine. Specific locations, compositions and transport systems influence the
makeup of modern coastal systems. Glaciers also affected
the changes in level of the land through isostatic weighting and rebound, and sea level through global eustatic melt
input. A general rise in local relative sea level from a low
of –60 m (200 ft) over the past 12,500 years has resulted
in changing and landward migrating coastal systems.
In addition, modern processes of wind, waves and tides
continue to shape relict features and build new ones. It is
necessary to consider the geologic history of this region
in order to better understand the present environment of
Wells NERR, and to predict future evolution.

Geologic History and Bedrock

Geologists interpret the development of the modern
coastline of northern New England through evidence

in the bedrock, glacial sediments, and sediments and
morphology of modern-day mountains, lakes and ocean
basins. These geomorphic features and the rocks that
form them can be read like the pages of a very old book.
We can decipher the language of the rocks by observing the results of natural processes acting today and by
applying the physical laws that govern the behavior of
matter and energy. The phrases we piece together have
been interpreted in light of the theory of Plate Tectonics,
the idea that the surface of the earth comprises semirigid pieces of lithosphere (earth’s outer-most layer)
which move relative to one another, sliding on the plastic
layer beneath. Driven by heat escaping the planet and
by density differences, these plates can be pulled apart,
pushed together, or can slip past one another. The movement of these plates and the forces of weathering and
erosion together shape the surface of the earth.
Today, the bedrock that underlies New England is made
up of “terranes,” pieces of continental crust that were
accreted onto the edge of the existing continental land
mass in a series of convergent collisions over a period of
hundreds of millions of years (Berry and Osberg 1989,
Marvinney and Thompson 2000). These collisions left
their mark in the form of linear mountain ranges and in
the markedly complex bedrock geology that characterizes this region (Fig. 14-1; Hussey and Marvinney 2002,

205

Figure 14-1: The bedrock geology of Maine. Image courtesty of the Maine Geological Survey.
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Osberg et al. 1985). These terranes added new land to the
proto-North American continent.
The geologic history of the area surrounding Wells
NERR began relatively late in the development of the
North American plate. About 500 million years ago, the
northeastern coast of North America was a tectonically
active region, prone to earthquakes and igneous activity. A volcanic island arc, similar to today’s Japan, was
carried across the ancestral Atlantic (Iapetus) ocean by
moving lithospheric plates as if on a conveyer belt. Over
the course of millions of years, these pieces of continent
and intervening ocean sediments were slowly pushed onto
the edge of proto-North America, deforming the rocks
and causing igneous activity and earthquakes (Neuman,
1984; Ludman, 1986; Berry and Osberg, 1989; van der
Pluijm et al. 1995). From ≈ 450 — 350 million years
ago, large sedimentary basins opened and were filled
with debris eroded from the uplands (Osberg et al. 1989;
Hanson and Bradley, 1989).
These sands and muds were progressively buried, metamorphosed, and then folded and faulted as another
piece of continent (Avalonia) and intervening seafloor
sediments were sutured on to the North American
proto-continent during the Devonian period of earth’s
history, circa 420—400 million years ago (Ludman,
1986; Osberg et al. 1989, Marvinney and Thompson,
2000). Mountains formed as the crust was deformed
and faulted, and sediments were again eroded from
the uplifted region and deposited in basins, eventually
forming sedimentary rocks. These rocks, together with
the pre-existing rocks of the area, were crumpled, folded,
fractured, buried, and metamorphosed by continuing
collision with a major landmass (called Gondwana) from
the east around 350—300 million years ago (Hussey,
1988; Guidotti, 1989). This collision created much of the
major mountain chain that runs up the east coast of North
America and is still visible today. Magma formed beneath
the new mountains and rose to form granites circa 300
million years ago (Tomascak et al. 1996, Marvinney and
Thompson 2000).
At this time, the rocks that would later underlie the Wells
NERR site were located near the middle of the supercontinent known as Pangea, far from any coast. Around the
beginning of the Mesozoic Era (248—66 million years

ago), Pangea was slowly torn apart as rifting associated
with the opening of the Atlantic Ocean caused basaltic
magma to rise to the surface through the fractured rocks,
creating dark-colored dikes which now can be seen in
the southwestern Maine, along with granites and the
metamorphosed sandstones and slates of the ancient
basins (McHone 1992; Swanson 1992). The spasmodic
forces associated with the widening of the ocean basin
caused intermittent folding, faulting and igneous activity
throughout the Mesozoic and into the Cenozoic Era (66
million years ago to present). The mountains to the west
continued to erode and uplift, shedding sediment onto
a growing continental shelf extending into the Atlantic
Ocean basin (Berry and Osberg 1989, Marvinney and
Thompson 2000).
The Cenozoic Era (from 65 million years ago to the
present) was characterized by shifting relative sea level
over the developing continental shelf, as the underlying
crust continued to flex in response to the erosion of the
western mountains and the deposition of large volumes
of sediment in the lowlands. This was the setting for the
last major geologic events to affect the modern landscape
of this area: the Pleistocene glaciations, that occurred
during colder periods commonly known as the Ice Ages
over the past 1.6 million years.

Glacial History of New England

The world entered a colder period in its history known as
the Pleistocene Epoch 1.6 million years ago. Repeated
glaciations and interglacials (relatively warm periods)
changed the landscape of North America. Each successive glaciation obliterated most of the continental
evidence for earlier events as the masses of moving ice
scraped away soils and sediments, exposing and scouring
away bedrock. For this reason it is the last major glacial
advance, which reached it maximum extent ≈ 20,000
years ago, which is primarily responsible for the largescale geomorphology and local surface geology of the
Wells NERR region.
The last glaciation began approximately 30,000 years ago.
Glaciers in the Canadian Rockies grew and coalesced
as temperatures dropped and winter snowfall exceeded
summer melting. A large mass of ice, known as the
Laurentide Ice Sheet, formed in the region now known as
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Around 20,000 years ago, the ice sheet stopped advancing
as climate began to warm (Gibbard and van Kolschoten
2004). The ice continued to flow outward from its center
in Canada, but now melting at the leading edge equaled,
and then exceeded, the production of ice from snowfall
at its source. Large quantities of sediment were released
at the terminus of the glacier as the ice melted, forming
extensive ridges called moraines. Under the melting ice,
dropped sediment created an irregular topography with
features such as kames, eskers and drumlins. Sediment
deposited by glaciers can be recognized as a mix of rock
types and particle sizes, from rock flour to giant boulders,
called till. The site of Wells NERR was deglaciated circa
15,000 years ago. As the ice front melted, numerous
streams and lakes were formed, sorting and redistributing
some of the till into broad features called outwash plains
(Smith and Hunter 1989; Weddle 1992). These glacial
features, as well as exposed bedrock outcrops, characterize the Maine coastline and shape the bathymetry of the
waters offshore (Figure 14-2; Smith and Hunter 1989,
Kelley and Belknap 1991, Barnhardt et al. 1996, Kelley
et al. 1998, Barnhardt 2005).

Relative Sea-Level Rise

Late Pleistocene History

Figure 14-2: Shaded-relief bathymetric map of Wells Embayment showing features common to a glaciated continental shelf (Barnhardt 2005). Courtesy of USGS and the
University of Maine.

Hudson Bay. Over time the ice built up, reaching thicknesses of several kilometers, and began to flow outward
under its own weight. As the continental ice sheet moved,
rocks and sediment were scraped up and incorporated
into the ice. The ice flowed over the landscape like a giant
power-sander, scouring and re-shaping the bedrock. The
modern Gulf of Maine was created by the advance of
the Laurentide Ice Sheet. At its greatest extent, the ice
covered most of North America down to 40º N and extended past the present shoreline to George’s Bank. The
large quantities of water trapped in glacial ice worldwide
caused global sea level to be almost 125 m (400 ft) lower
than present levels 22,000 years ago (Fairbanks, 1989).
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The history of glaciation in Maine is tied to the history
of changes in sea level at Wells NERR, and the modern
processes that continue to shape the coastline. By 15,000
years ago, the leading edge of the Laurentide Ice Sheet
was rapidly retreating, driven by warm sea currents and
winds from the South. The floating ice shelf (Schnitker
et al. 2001) melted away until the glacier was grounded
on land over what is now southwestern coastal Maine.
As the glaciers receded globally, large volumes of water
were released to the ocean. Sea level rose by over 70 m
(230 ft), flooding newly ice-free inland areas. The future
site of Wells NERR was completely submerged from ≈
15,000 — 13,000 years ago (Fig. 14-3; Thompson and
Borns 1985). Fine particles of sediment, carried to the
sea by glacier-fed streams, settled slowly to the bottom,
blanketing the glacial till and exposed bedrock with a
layer of bluish clay (Bloom 1963).
The lithospheric plates of the earth are not completely
rigid; rather they flex and bow as weight is applied or
removed. The development of an enormous Pleistocene
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ice sheet on the North American plate caused it to sink
into the plastic layer beneath, just as placing a child on a
rubber raft in a pool will cause the raft to locally depress.
When the child is removed, the raft will rise back up. In
this way, the lithosphere under New England began to
rise back up as the mass of ice melted, in a process called
isostatic rebound. The initial uplift expelled the sea from
the land, shifting the coastline southeast onto the present inner shelf. The ice sheet continued to melt inland
and northwards. Sands and gravels were deposited over
the blue clay layer by migrating glacial streams and beach
processes as the sea retreated.
At its lowest point, or “lowstand,” sea level was 60 meters
below present level in the Gulf of Maine, ≈ 12,500 cal.
years ago (Belknap et al. 1987, Barnhardt et al. 1997).
Fast-flowing meltwater rivers cut down through the glaciomarine and till deposits on their way to the sea, carrying sands, muds and gravel to be deposited in deltas at
the new shoreline over the glaciomarine clay (Belknap et
al. 1989, 2002). Uplift slowed, and possibly temporarily
reversed, as the crust adjusted to the shrinking ice sheet
and a new equilibrium isostasy. This caused a relatively
rapid rise in local sea level from 11,000–10,000 years ago,
until uplift resumed, this time at a more gradual rate. The
rising sea moved sediment, primarily sands, onshore in a
migrating sand sheet or low barrier island (Montello et
al. 1992). At this time the coastline was located between
the lowstand and the present shore at a depth of approximately 20 meters below modern sea level (Barnhardt et
al. 1995).

Holocene History

Ice continued to melt from glaciers all over earth as temperatures rose, raising global sea level at a rate roughly
equal to the rate of uplift in southeastern Maine from
10,000 — 6,500 years ago (Fig. 14-4; Belknap et al. 2002).
During this time the position of the shoreline remained
relatively stable, and extensive barrier island systems
developed along the coast, particularly in the shelter of
arcuate embayments. Over time, barrier islands were
built up by waves from reworked glacial sands deposited
on the continental shelf, sediment carried to the coast by
rivers, and by sediment derived from till uplands along
the shoreline.

Taking a core on the Webhannet marsh. Photo Britt
Argow.
By ≈ 5,000 years ago, crustal flexing in response to
glacial loading had adjusted to the new mass and position of ice in North America. The major ice sheets were
coming closer and closer to reaching a new equilibrium
with global climate, and the influx of meltwater to the
oceans decreased. Even as glacial melting slowed; however, thermal expansion of sea water was increasing
the volume of the oceans. Rates of global sea-level rise
again exceeded rates of uplift, and the sea transgressed
the shore, causing landward migration of barrier islands.
Around 5,000 years ago rates of local relative sea-level
rise slowed to 1.2 — 1.9 mm per year and barrier islands
were established in roughly their present positions in
southwestern Maine, often anchored on the rocky headlands or resistant till deposits of arcuate embayments
(Hussey 1970, Jacobson 1988; Kelley et al. 1989). Spits
prograded (i.e., grew seaward) where sediment supply
from longshore movement of sediment exceeded coastal
erosion. By 4,000 years ago, sea-level rise had slowed to
0.8 mm year-1, and salt marshes had colonized the area
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Figure 14-3: Flooding map of Maine: light blue shows the farthest extent of post-glacial flooding of the New England
coast. Map Belknap 2006, adapted from Belknap et al. 2005.

behind the barrier island at Wells, ME (Kelley et al. 1995).
The presence of vegetation accelerated the infilling of the
back-barrier environment. Meanwhile, rates of sea-level
rise continued to slow: to 0.4 mm year-1 2,000 years ago,
and to just 0.2 mm year-1 1,000 years ago (Kelley et al.
1995). Around 1,500 years ago, during this time of slow,
gradual sea-level rise, the salt marshes began to build
vertically and laterally, filling in the shallow open water
areas behind the barrier island, until they matured into
the broad supra-tidal platform we see today. Extensive
research at Wells NERR (e.g. Hussey 1970, Timson
and Kale 1976, Timson 1977, Nelson and Fink 1980,
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Kelley et al. 1988, Jacobson 1988, FitzGerald et al. 1989,
Mariano 1989, Belknap et al. 1989, Shipp 1989, Kelley et
al. 1995, Belknap et al. 2002) has led to the development
of a detailed reconstruction of the geomorphic evolution
of the back-barrier environment, considered next.

Evolution of the Back-Barrier Estuarine System

In order to understand the evolution of the present
surface features of the Webhannet and Little River
estuarine systems, scientists need to look beneath the
surface at buried evidence of past landscapes. One way
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to do this is to collect core samples at many locations
in the back-barrier and then construct a stratigraphic
cross-section. A cross-section is an interpretation of the
layers that exist below the surface, as if we could take a
knife and slice down into the sediments like a layer cake,
and take out a piece to examine. Cores are collected by
forcing a hollow tube down into the sediments as far as it
will go (see photo), and then withdrawing the filled tube
and examining the layers inside. By plotting the relative
positions of the cores and matching up similar layers, we
can develop an idea of the sub-surface structure of the
back-barrier. Samples of each layer are then examined to
determine the environment in which that sediment was
deposited, and the layers are radiometrically dated to
determine the timing of deposition. From this evidence
we can infer the history of Wells NERR through time.
The Webhannet River estuary formed behind a sheltering barrier island which is anchored on till and bedrock
outcrops in an arcuate embayment. The embayment itself
was formed as a result of the oblique intersection of
the coastline with the dominant structural grain of the
underlying metamorphic bedrock (Timson 1977). The
resistant outcrops along this section of the coast formed

Figure 14-4: Coastal Maine historic sea level. From Journal of Coastal Research, by Kelley et al. 2002 Reprinted by
permission of Alliance Communications Group, a division
of Allen Press, Inc. © 2002 Coastal Education and Research
Foundation.

headlands, and less resistant rocks eroded more deeply
to form the embayment. Sediment transport by refracted waves formed the barrier spits in the shallow bays.
Barrier islands developed as pre-existing barrier islands
or sand bars migrated onshore with rising sea level and
merged with progading spits growing from the bedrock
headlands and till islands along the shore (Hussey, 1970).
By ≈ 5,000 years ago, the Webhannet and Little River
estuaries were established near their present geographic
positions (Timson and Kale 1976; Kelley et al. 1995).
The back-barrier at this time comprised reaches of shallow open water, containing some fringing salt marsh
(supratidal salt marsh, or high marsh, dominated by the
halophyte salt marsh hay [Spartina patens]). By ≈ 4,000
years ago, tidal flats incised by channels dominated the
estuary. Intertidal salt marsh (low marsh, dominated by
the halophyte salt marsh cordgrass [Spartina alterniflora])
had colonized shallow areas of the flats, especially along
the landward edge of the barrier island, developing
muddy peat. Salt marshes change the dynamics of the
intertidal areas they invade, increasing the elevation of
the land surface by trapping sediment brought by tidal
waters, and through biogenic productivity (ie. partially
decomposed roots and leaf matter are also trapped and
help to build up the peat). Along the landward margin
of the estuary, supratidal salt marsh had developed on
top of the glaciomarine sediments where rising sea level
drowned the upland fringe. Freshwater marsh probably existed at the heads of tributaries draining into the
estuary.
Salt marsh plants are able to colonize shallow intertidal
areas as long as wave energy is not too great. The shelter
of the barrier island created a quiet backwater in which
these grasses began to spread rapidly. Intertidal marsh
species had successfully colonized most of the tidal flats
in the Webhannet estuary by 3,000 years ago. Smooth
cordgrass is extremely bioproductive, but primarily creates colonizing margins by trapping inorganic sediment
through baffling and adhesion, leading to an increase in
elevation of the marsh surface that may eventually be a
colonization site for high marsh. In addition, the rising
tides allowed supratidal marsh species to invade the
adjacent upland margin, and the marshes grew laterally
as well as vertically. Freshwater marshes were converted
to salt marsh as rising sea level increased the salinity of

Origin and Evolution of the Estuary

211

estuary. Tidal creeks became narrower in response to the
infilling, as less water moved in and out of the estuary
with each tidal cycle. Smooth cordgrass flourished, developing peat in zones along creek banks and contributing
to the narrowing process (Fig. 14-5). Freshwater marsh
could only be found at the headwaters of small tributaries above the elevation of highest high tide. Recently,
however, the pattern of estuarine evolution changed as a
result of local and global human influences.

Figure 14-5: Summary of marsh sedimentation processes.
Figure Britt Argow.

upstream areas. Low marsh was gradually replaced by
supratidal marsh as rates of sea-level rise slowed to 0.5
mm year-1 2000 years ago. By this time the tidal flats
had been largely replaced by salt marsh and the basic
pattern of tidal creeks present today stabilized. Low till
islands had been covered by rising sea level and colonized
by marsh. Supratidal high marsh formed a flat platform
filling much of the back-barrier, and tidal creeks grew
progressively more narrow as low marsh colonized and
then built up the banks (Kelley et al. 1995).
The Little River estuary has a parallel late Holocene (the
Holocene is ~ 10,000 years ago to the present) history.
This small estuary was formed as rising sea level flooded
the stream valley previously incised into the glacial sediments during the Holocene lowstand. Small barrier spits
had formed fronting the estuary by ≈ 5,000 years ago. At
4,000 years before present time, intertidal salt marsh had
successfully colonized the estuary. Tidal channels were
stabilized by the spread of vegetation and the presence of
the glaciomarine blue clay, which was difficult to erode.
Sea level continued to slowly rise, but by 2,000 years ago
the vertical growth of the intertidal marsh had outpaced
the rising waters, and a supratidal marsh began to develop over the existing marsh and the slowly inundating
upland.
Approximately 1,000 years ago, sea level was rising at a
rate of only 0.2 mm per year, or 2 cm per century. The
supratidal salt marsh was well-developed and filled the
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Based on the age of buried salt marsh peat and the distribution of microscopic animals like foraminifera, late
Holocene sea-level rise was extremely gradual in New
England until the past 1-3 centuries. Tide-gauge records
from Portland, ME (Fig. 14-6), Portsmouth, NH, and
Boston, MA all show that sea level is now rising at much
higher rates, from 2.0—2.7 mm each year (or 20-27
cm per century), and data from Wells and other Maine
marshes reflect these recent accelerations (Gehrels 2000;
Gehrels et al. 2002). This increase in rates of sea-level
rise reflects the recent global warming trend, and has affected the evolution of the estuaries of the Wells NERR
(Fig. 14-7).
The barrier beach protecting the estuary of Wells NERR
has been, and continues to be, shaped by coastal processes, including wind and wave action. The oblique angle
of wave approach changes with the seasons. Most of the
year, mild wind-driven waves approach the beach from
the southeast, and gradually move sediment along the
shore in a northerly direction. These low-energy waves
move sediment up the beach face, widening the beaches
over the summer months. Large winter ”Northeaster”
(see footnote Ch. 3) storms approach the shore from the
northeast; however, creating high-energy waves that push
large amounts of sediment southward and offshore, often
effecting dramatic change in one event (Nelson and Fink
1980). Some of the sediment moved offshore is deposited
in front of the inlet, where waves push it into the backbarrier environment over time. Some of this sediment is
suspended and is carried onto the surface of the marsh by
flood tidal currents, where it is deposited and helps to increase the elevation of the marsh surface. Other sediment,
primarily sand, is too large to be suspended in the relatively quiet waters of the estuary. This sand piles up and
creates shoals in the inlet and tidal channels, gradually
continuing the Holocene trend of filling in the estuary
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Figure 14-6: Sea level at Portland, Maine, 1912-2003. Data NOAA. Figure Hannah Wilhelm.

(Montello et al. 1992). These processes have contributed
to changes in the configuration of the Webhannet and
Little River estuaries over time, and continue to shape
the back-barrier environment today.
A study of historical maps (Jacobson 1988) reveals how the
Webhannet River estuary has changed since European
colonization of New England. From 1774 to 1872, the
channel of the Webhannet River and tidal creeks in the
salt marsh seem to have eroded and widened, becoming
more sinuous. In the 1920’s, the heavy development of
Wells Beach had necessitated barrier stabilization (e.g..
seawalls). This reduced the sediment available to the
salt marsh and estuary. By 1956, the marsh had further
eroded as tidal channels widened and the inlet to the
Atlantic had widened, shallowed and migrated slightly
to the south (Jacobson, 1988, Rits, 2003).
In the 1960’s, the tidal inlet and parts of the Webhannet
River channel were dredged and stabilized for navigation purposes. A large upland area was created by the
deposition of the spoils pile on top of the marsh peats
near the inlet. This changed the hypsometry of the backbarrier region, thus altering the hydrodynamics and
forcing changes in the configuration of the environment.
Salt marsh eroded in the northern end of the estuary.
Depression of the peat under the spoils pile caused migration of nearby tidal creeks. Based on aerial photos, the
back-barrier estuary adjusted rapidly (within 10 years) to
the changes caused by the building of the harbor and
jetties (Jacobson, 1988); however, long-term effects on
vegetation and tidal channel morphology are likely due
to the reduction in ocean sediment influx.

In contrast, the shoreface, barrier beaches, and ebb and
flood tidal deltas experienced extensive reconfiguration
in response to the harbor construction and inlet stabilization project (Byrne and Ziegler 1977, Rits 2003). Rapid
shoaling made the harbor construction unexpectedly
challenging, and several modifications to the original
plans were required. The natural recurved spits that had
flanked the inlet prior to construction rapidly filled in
seaward, with the result that the barrier widened directly
north and south of the jetties due to the trapping of sand
formerly moved into the inlet by longshore sediment
transport. Away from the jetties, thinning occurred on
the Drakes Island and Wells barrier beaches due to the
disruption in sediment circulation cells. By 1974 the
system appeared to reach a new equilibrium with the
altered inlet, and the pace of morphologic change slowed
(Rits 2003).
When modern photography is compared with aerial
photos from 1984, some back-barrier channel migration
is observed. The main channel of the Webhannet has
migrated closer to the barrier island, leading to marsh
erosion and channel widening. This is most likely due to
the lack of overwash deposition (a process wherein storm
waves overtop the barrier island and transport sand to
the landward margin of the barrier) on the stabilized and
highly developed Wells Beach (Jacobson 1988). Some
marsh erosion has also been observed at the seaward edge
of the western marsh platform, especially near the tidal
inlet (Marvinney and Thompson 2000). These changes
and others will need to be carefully monitored and assessed if we are to understand, and ultimately predict,
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how modern environments in the Wells NERR function
and evolve.

Projected Sea Level Rise

Human impacts to the Webhannet River estuary may
prove to have unanticipated consequences in the future,
particularly in light of the projected increase in rates of
sea-level rise (Church et al. 2001). The latest report of the
Intergovernmental Panel on Climate Change (IPCC)
predicts that based on global warming and other factors,
future sea levels may increase from 25-90 cm (10-30 in)
over the coming century (Fig. 14-7; Church et al. 2001). If
the historical trend continues (at the low end of predicted
rates), then the historical change observed at the Wells
NERR may accurately forecast change to come. Over
the last 10,000 years, sea level has risen about 20 m (65
ft); therefore Holocene records preserved in salt marsh
peats would also be helpful in predicting the response of
coastal wetlands to rising sea level at this gradual rate. If,
however, future sea-level rise exceeds this rate, as seems
increasingly likely given new climate indicators (Fig. 147), then predictive tools such as numerical modeling and
GIS technologies will be needed.

During the past 5,000 years, sea level has risen at an
extremely gradual average rate of less than 10 cm per
century, 5 m total. However, over the past century,
tide gauge data indicates that recent sea level rise has
been over twice as fast: 27 cm (11 in) per century in
southwestern Maine. What are the causes of sea-level
rise, and what other changes can we expect from this
phenomenon? Most coastal salt marshes that have not
been altered by development are currently keeping pace
with rising regional sea level. If, however, coasts undergo
accelerated sea-level rise, then questions arise: can New
England salt marshes maintain their areal extent through
vertical accretion and shoreward transgression? What is
the functional limit of vertical accretion annually? If salt
marshes cannot accrete at rates comparable to accelerated
sea-level rise, then at what critical point, or threshold,
will they become inundated with marine waters? If
marshes submerge, what happens to the surrounding
estuarine environment?
The potential loss of coastal wetlands is an important
issue for several reasons. Coastal wetlands like the salt
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marshes of Wells NERR are among the most productive ecosystems on earth, serving as nursery grounds for
many oceanic species and supplying detritus and living
biomass to the waters offshore, which forms the basis
of the open-ocean food web. Marshes filter pollutants
and particulates from surface waters before they reach
the oceans (Mitsch and Gosselink 1986, Kennish 2001,
Adam 2002). The dense stands of vegetation act as buffer
zones for inland areas, absorbing storm energies and
storing flood waters. The loss of this protection presents
an unmistakable hazard to human coastal development.
Finally, marshes are characterized by a flat topographic
profile, and often cover a sizable area. As the marsh is
flooded, a significant volume of water is added to the tidal
prism. This increase in tidal prism can potentially lead to
dramatic shoreline erosion as higher tidal velocities scour
a larger tidal inlet, and to significant increases in sand
sequestered in the ebb tidal delta (Fig. 14-8; List et al.
1994, FitzGerald et al. 2006). Clearly, this has important
implications for coastal communities, resource management, and hazards assessment.

Conceptual Model

Stable Barrier

Field investigations of marsh accretion rates suggest that
marshes are relatively stable and compatible with the
present trend of eustatic sea-level rise. Therefore, the
present general configuration of mixed energy coasts,
such as that along which Wells NERR is found, is used
as the initial phase in the conceptual model. This morphology is represented by a barrier chain backed by an
expansive high tide or supratidal marsh that is cut by a
network of tidal creeks. Inlets along mixed energy coasts
are fronted by well-developed ebb-tidal deltas, although
their intertidal exposure varies greatly depending upon
tidal range, inner shelf slope, wave energy, and other factors (Smith and FitzGerald 1994).

Marsh Decline

Stage 1 of the model represents a period when the rate of
sea-level rise has accelerated, transforming portions of the
supratidal and high tide marsh to intertidal and subtidal
environments. The resulting increase in tidal discharge
strengthens tidal flow at the inlet, leading to scouring
of tidal creeks and enlargement of the main inlet channel. Increasing tidal prism causes a growth in the equi-

Wells National Estuarine Research Reserve

Figure 14-7: Sea level rise hypotheses from the International Panel on Climate Change. Source Argow 2006, modified
from Church et al. 2001.

librium volume of the ebb-tidal delta. The expansion of
open water landward of the inlet creates accommodation
space, leading to the formation of new flood-tidal deltas
and to the growth of existing deltas. Sand sequestered
on the ebb-tidal delta is sourced partially from sediment
eroded in back-barrier tidal creeks and at the inlets, as
these channels enlarge in response to increasing tidal
flow. However, most of the sediment transferred to the
ebb-tidal delta is captured from sand transported to the
inlet via the longshore transport system. The rate of sand
trapping on the ebb-tidal delta dictates the extent and
rate of downdrift shoreline erosion.

Fringing Marsh and Marsh Islands

By Stage 2 most of the marsh has not kept pace with
rising sea level. Extensive wetlands have been overtopped by rising sea level and converted to open water
and intertidal regions. In addition, encroaching tidal
waters are flooding portions of the mainland. Subtidal

and intertidal environments comprise most of the backbarrier. Increasing tidal prism continues to enlarge the
size of the tidal inlets and the volume of the ebb-tidal
deltas. Changes in the dimensions of the inlet channel
combined with alterations in back-barrier hypsometry
have produced a tidal regime favoring flood tidal current
dominance and the landward transport of sand. As the
back-barrier is transformed from a partially filled basin
to an open water basin having a deep communication to
the ocean, the hydraulics of the inlet change from one
dominated by ebb currents and natural sand flushing
abilities to an inlet dominated by flood tidal currents and
landward bedload transport (Mota Oliveira 1970; Boon
1981; Aubrey and Speer 1985). Thus, during this stage
flood-tidal deltas and other back-barrier shoals grow in
size as sand is siphoned from the littoral system, further
depleting sand nourishment to adjacent barrier shorelines.
At the end of Stage 2, thinning barriers are occasionally
breached and ephemeral and permanent tidal inlets are
formed.
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Figure 14-8: Conceptual model of effects of sea-level rise on estuary (Argow 2006).

Runaway Transgression

Stage 3 occurs after the barriers have become largely sediment-starved. Many new tidal inlets have developed, and
barrier rollover is an active process during moderate to
large storms. During barrier rollover, high-energy waves
move sand from the nearshore zone in front of the barrier
up and over the island, knocking down dunes and redistributing sand into the back-barrier. This process, over
time, moves the barrier island closer to the mainland
shore. Sand shoals and vestiges of marsh act as stabilization points where the retrograding barrier may become
re-established. During this time multiple new tidal inlets
along the barrier chain effectively reduce tidal prisms at
many of the former large inlets, causing the collapse of
their ebb-tidal deltas onshore. The reduction in volume
of the ebb deltas provides a temporary source of sand for
the ephemeral barriers. The ultimate fate of the barriers
and their re-establishment onshore is dependent on the
trend of sea-level rise.
So, what is the current state of the salt marshes at the
Wells NERR? In the Webhannet estuary, some sediment
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is still being transported into the jettied inlet (leading to
recurring shoaling and dredging, most recently in 2000),
but it is a fraction of the pre-modification sediment influx,
and it is unclear whether it is sufficient to maintain the
vertical elevation of the marsh platform against rising
sea level. On-going research at Wells NERR seeks to
discover and quantify all inputs of inorganic sediment
to the marsh surface (Argow et al. 2006) and to assess
the current distribution and bioproductivity of salt marsh
species (Burdick and Moore, in prep., Konisky 2003)
Seasonal sedimentation processes such as ice rafting
(Wood et al. 1989, Kelley et al. 1995, Argow 2006) are
an additional source of inorganic sediment to the marsh
surface in this cold-temperate region, helping the marsh
to keep pace with rising sea level. Changing vegetation
patterns on the marsh may serve as an early indicator of
the marsh’s response to current sea level change, well
before a measurable change in sediment dynamics or
hydrology occurs. Historic morphological changes such
as increased marsh pool development (Wilson 2006),
tidal creek widening or migration, and changes in the
surface elevation due to compaction, sedimentation or

Wells National Estuarine Research Reserve

bioproductivity must all be monitored to increase our
understanding of the changing estuarine environment.
Ultimately the scientific community will need to draw
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