Rapid wetland expansion during European settlement and its
implication for marsh survival under modern sediment delivery rates
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ABSTRACT

Fluctuations in sea-level rise rates are thought to dominate the formation and evolution
of coastal wetlands. Here we demonstrate a contrasting scenario in which land-use-related
changes in sediment delivery rates drive the formation of expansive marshland, and vegeta-
tion feedbacks maintain their morphology despite recent sediment supply reduction. Strati-
graphic analysis and radiocarbon dating in the Plum Island Estuary (Massachusetts, United
States) suggest that salt marshes expanded rapidly during the eighteenth and nineteenth
centuries due to increased rates of sediment delivery following deforestation associated with
European settlement. Numerical modeling coupled with the stratigraphic observations sug-
gests that existing marshland could survive, but not form under the low suspended sediment
concentrations observed in the estuary today. These results suggest that many of the expansive
marshes that characterize the modern North American coast are metastable relicts of high
nineteenth century sediment delivery rates, and that recent observations of degradation may
represent a slow return to pre-settlement marsh extent. In contrast to ecosystem management
practices in which restoring pre-anthropogenic conditions is seen as a way to increase ecosys-
tem services, our results suggest that widespread efforts to restore valuable coastal wetlands
actually prevent some systems from returning to a natural state.

INTRODUCTION

For more than 40 years, fluctuations in rates
of sea-level rise have been thought to control the
formation and behavior of coastal marshes. The
elevation of a vegetated marsh platform quickly
adjusts to the rate of sea-level rise (Redfield,
1965), rates of vertical accretion typically mimic
rates of sea-level rise (Friedrichs and Perry,
2001), and many observations of marsh sub-
mergence and channel erosion today are attrib-
uted to a historical acceleration in the rate of
sea-level rise (e.g., Friedrichs and Perry, 2001;
Donnelly et al., 2004). The age of basal peat
from modern high-elevation marshes indicates
that initial marsh formation is also tied to the
rate of sea-level rise (Redfield, 1965). Marshes
became widespread along the North American
coast during late Holocene sea-level decelera-
tion ~4 k.y. ago (Redfield, 1965; Rampino and
Sanders, 1981). However, our analysis of the
sedimentary record, combined with numerical
modeling, suggests that sea-level rise rates may
not be the dominant factor determining the evo-
lution of some prominent marshes.

Following European settlement, most for-
estland along the North American coast was
cleared for agriculture, which led to rapid and
widespread soil erosion. In the southeastern
United States, estimates of nineteenth century
erosion (~1 mm/yr; Trimble, 1977) exceed
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long-term estimates of piedmont denudation
(0.005 mm/yr; Pavich et al., 1985) by more than
two orders of magnitude. Although not all the
eroded sediment likely reached the coast (Trim-
ble, 1977), sedimentation rates in Chesapeake
Bay increased by as much as an order of magni-
tude (Colman and Bratton, 2003; Saenger et al.,
2008). In the northeastern United States, signifi-
cant land clearance began in the late seventeenth
century, the acreage of farms peaked ca. 1850,
and mineral sediment input into coastal Mas-
sachusetts ponds increased by approximately an
order of magnitude (Hall et al., 2002; Parshall
et al., 2003). The watershed of our study area
(585 km?), the Plum Island Estuary in Massa-
chusetts, was settled in the 1630s. By 1645, there
was enough corn planted to justify grist mills on
three of the major rivers (Rowley, Parker, Mer-
rimack), and grist mills and sawmills were com-
mon by 1700 (Currier, 1902). Elsewhere in the
region, paleoindicators of initial forest clearance
were assigned an age of A.D. 1700 in Cape Cod
(Parshall et al., 2003), and peak clearance was
estimated in the adjacent Gulf of Maine at 1785
(Ward et al., 2008).

METHODS

To determine the stratigraphic history of the
Plum Island Estuary, and its response to Euro-
pean land clearance, we collected 14 Vibracores
from marshes surrounding the Rowley River in
October 2006 (see the GSA Data Repository!

and Fig. DR1 therein). Based on sediment char-
acteristics (e.g., the presence of in situ plant
rhizome material and organic matter content
>10%-15% by mass), we identified the depth
within each core that corresponded to the initial
formation of salt marsh. We supplemented our
estimates of peat thicknesses with those gleaned
from 31 early core descriptions taken at Plum
Island Estuary (Mclntire and Morgan, 1963;
McCormick, 1968) (Fig. DR2).

To determine the timing of marsh formation,
we isolated individual rhizome pieces from near
the base of the peat in each core to use for radio-
carbon dating. We radiocarbon dated 23 sam-
ples by accelerator mass spectrometry and cali-
brated to calendar years at 2¢ (Table DR1). We
supplemented our radiocarbon dates from near
the peat base with additional dating techniques
(*'°Pb, ¥'Cs, and heavy metal pollution horizon
inferred from X-ray fluorescence scans of the
cores) from samples collected near the surface
of selected cores (Table DR2). These alternative
dating approaches help discern between multi-
ple calibrated age ranges and provide additional
chronologic control, particularly in younger
portions of the cores.

In an effort to estimate ages of marsh forma-
tion for cores without chronologic information,
we compiled the results from all of our dating
approaches into a single chronology to estab-
lish an age-depth relationship. Because young
marshes had substantially higher accretion rates
than older marshes (presumably due to their low
elevation, the effect of land clearance, incom-
plete compaction, and/or recent trends in sea-
level rise rates), we divided this chronology into
two groups based on their age (Fig. DR3). We
selected the appropriate age-depth relationship
to use on undated cores based on their proxim-
ity to the nearest dated core. Such an approach
assumes that thick peat represents relatively old
marshes, and introduces error by assuming that
portions of the marsh with similar peat thick-
nesses developed at similar times. However, our

!GSA Data Repository item 2011159, supplemen-
tary methods, Figures DR1-DR4, and Tables DRI
and DR2, is available online at www.geosociety
.org/pubs/ft2011.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301, USA.
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goal was only to discern portions of the modern
marsh that formed before and after settlement,
rather than provide a precise date of formation.

PATTERNS OF MARSH EXPANSION

Our stratigraphic reconstruction of a por-
tion of the Plum Island Estuary suggests that
marshes here expanded from ~6 km? to 9 km? in
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Figure 1. Top: Map of Plum Island Estuary (Massachusetts) study area showing extent of pre-
settlement marsh (blue shading) and post-settlement marsh (pink shading). Dates of marsh
formation on map represent calibrated radiocarbon dates from basal peat (red dots), or dates
estimated from peat thickness reported by Mcintire and Morgan (1963) (yellow dots) and Mc-
Cormick (1968) (blue dots). Positive dates indicate years A.D., negative dates indicate years
B.C. Bottom: Stratigraphic cross section perpendicular to Rowley River recording lateral pro-
gradation of marsh over unvegetated estuarine deposits. Green denotes sedimentary facies
indicative of intertidal marshland (i.e., abundant organic matter), and blue denotes sedimen-
tary facies indicative of unvegetated estuarine environments such as mudflats. Dated hori-
zons are from onset of heavy metal pollution (Pb), peak in '*’Cs activity (Cs137), or calibrated
radiocarbon dates (C14), and represent years A.D. unless otherwise indicated.
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although a large portion of the study area, cov-
ered by marsh today, was identified on an 1830
map as Shad Creek Bay (Anderson, 1830).
Thick sequences of high marsh peat (>5 m) and
radiocarbon dates from their base indicate that
the fringing marsh has been in place for a few
thousand years (Fig. 1A; Fig. DR2). However,
our stratigraphic cross sections and detailed
dating of basal peat reveal that the marsh pro-
graded rapidly toward the modern-day Rowley
River during the eighteenth and nineteenth cen-
turies (Fig. 1B), converting subtidal and mudflat
environments into what is now part of the most
expansive marshland in New England.

Core 16 (Fig. 2) records the vertical response
of a mudflat to an increase in sediment delivery
rate associated with European settlement. In the
lowest (oldest) section of the core, terrestrially
derived element concentrations (K, Ti, Fe) grad-
ually decrease upward in the core, consistent
with basin infilling and a slight decrease in inun-
dation as mudflats build elevation relative to sea
level (e.g., Zhou et al., 2004). At a core depth of
150 cm, however, terrestrial element concentra-
tions increase abruptly, despite no grossly dis-
cernable change in stratigraphy. Approximate
age-depth relationships derived from the dat-
ing of multiple cores (see the Data Repository
and Fig. DR3) suggest that the increase in ter-
restrial elements began in the early eighteenth
century, which we interpret as a signal of land-
use change. Organic-rich sediments containing
Spartina alterniflora root material appear at a
core depth of 79 cm, indicating the initial devel-
opment of a marsh. A radiocarbon date on an
in situ rhizome at this boundary yields a cali-
brated 26 age range of A.D. 1802-1938 (mean
= 1870). Terrestrial element concentrations
decrease abruptly at this depth, consistent with
a transition to a higher elevation surface that
would be flooded for shorter periods of time.

Stratigraphic sequences that record progra-
dation of marshes across a subtidal basin have
traditionally been interpreted as the result of
gradual basin infilling during periods of slow
sea-level rise (Redfield, 1965; McCormick,
1968). However, our dated stratigraphy points to
an abrupt period of marsh growth where rates of
marsh expansion increased by about an order of
magnitude following settlement (~1000 m? yr~!
to ~15000 m? yr'). While river meandering and
tidal channel erosion could remove older peat
deposits and promote localized rapid accretion
in marshes near the Rowley River, all of our
cores were taken more than 10 m from channel
edges, and recently formed marsh was observed
more than 500 m from the modern Rowley
River. These observations reinforce our inter-
pretation that the expansive marshes in the Plum
Island Estuary formed in response to historical
land-use change rather than gradual infilling
obscured by channel migration.
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Figure 2. Terrestrial ele- 2500
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between A.D. 1802 and 1938 (79-301 cm, silt with common plant fragments; 79 cm to top, silty
peat with abundant Spartina alterniflora material). Low terrestrial element concentrations fol-
lowing marsh formation likely reflect marsh’s high elevation within tidal frame, and reduced
sediment delivery associated with basin reforestation and dam construction.

Because our observations of large-scale
marsh expansion occur even in an estuary with
small tributaries that carry relatively little min-
eral sediment, it seems likely that historical
land-use change drove the formation of expan-
sive wetlands in other regions. For example,
increased sediment delivery rates associated
with agricultural development caused small
subtidal deltas in the upper reaches of Chesa-
peake Bay tributaries to expand into intertidal
freshwater marshland in the mid-nineteenth
century (e.g., Gottschalk, 1945; Pasternack et
al., 2001). Late nineteenth century deforesta-
tion caused mangroves to rapidly expand over
historically stable tidal flats in the Firth of
Thames, New Zealand (Swales and Bentley,
2008), and sedimentation from upland mining
caused marshes to expand in San Francisco Bay,
California (Gedan et al., 2009). Similarly, recent
timber harvesting caused a small bay-head delta
covered by salt marsh vegetation to form on a
portion of the Newport River, North Carolina
(Mattheus et al., 2009). Together, these exam-
ples suggest that historical changes in sediment
delivery rates to the coast are strongly coupled
to upstream land-use change. Though changes
in sediment yields may be buffered by upstream
storage (e.g., Trimble, 1977; Walter and Mer-
ritts, 2008), our work suggests that only some
of the sediment related to agricultural deforesta-
tion was impounded.

NUMERICAL MODELING AND
DISCUSSION

To further test our hypothesis that increases
in sediment supply could drive wetland expan-
sion, we conducted experiments with a previ-
ously developed numerical model (e.g., Kir-
wan and Murray, 2007), starting with a subtidal
basin surrounded by a fringe of marsh occupy-
ing higher elevations (Fig. 3). In these experi-
ments we maintain a constant rate of sea-level
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rise (1 mm/yr, consistent with late Holocene
rates; Donnelly et al., 2004), but adjust the
concentration of suspended sediment present
in tidal channels. At low suspended sediment
concentrations (~0.001 g/L), both the fringe
marsh and unvegetated subtidal surfaces
accrete in equilibrium with the rate of sea-level
rise, preserving a basin configuration domi-
nated by open water (Fig. 3A). At high concen-
trations (~0.01-0.1 g/L), however, unvegetated
surfaces accrete faster than the rate of sea-level
rise and build to depths that can support vege-
tation. Since vegetation tends to reduce erosion
and enhance accretion in the model (Kirwan
and Murray, 2007), sparsely vegetated deep
surfaces rapidly join the growing marsh plat-
form (Fig. 3B). Our experiments suggest that
a landscape defined by an expansive platform
and intertwining channel network can replace a
landscape dominated by open water in <100 yr

if suspended sediment concentrations increase
by 1-2 orders of magnitude.

Reservoir construction and reforestation fol-
lowing agricultural abandonment have caused
rates of sediment delivery to the coast to decline
in developed countries during the twentieth
century. Globally, the net effect of humans has
been to reduce sediment transport to the coast
by 2.3 x 10° t yr! relative to pre-settlement con-
ditions (Syvitski et al., 2005). Sediment fluxes
in major North American rivers decreased by
~50% between ca. A.D. 1910 and 1970 (Meade
and Trimble, 1974), and suspended sediment
concentrations in a Chesapeake Bay tributary
decreased from 1.2 g/L to 0.08 g/L after peak
agricultural land use (Pasternack et al., 2001).

Despite widespread reductions in sediment
supply and a near tripling in the rate of sea-
level rise (Donnelly et al., 2004), expansive
marshland still characterizes the coast of North
America today. Our model experiments offer a
potential explanation. Large reductions in sedi-
ment supply (0.1 g/L to 0.001 g/L) lead only to
subtle differences in the morphology of preex-
isting marsh in our experiments (Fig. 3C). While
reductions in sediment concentration tend to
make the vegetated platform lower relative to
sea level and channels more erosive, increased
inundation stimulates vegetation growth, which
in turn enhances vertical accretion and limits
channel erosion. These ecogeomorphic feed-
backs tend to preserve the morphology of an
existing marsh-channel network system, and
allow an expansive marsh to survive under the
same conditions (0.001 g/L) in which it could
not initially develop.

This raises the possibility that many of the
expansive marshes along the coast of North
America are a relict feature of nineteenth
century land-use change. At Plum Island, for

4 3 2 1 0
Inundation depth (m)

Figure 3. Modeled planform evolution of hypothetical estuary under constant rate of sea-
level rise (1 mm/yr). Initial condition was subtidal basin with narrow fringe of marsh occu-
pying high-elevation perimeter. A: At low suspended sediment concentrations (0.001 g/L),
equilibrium basin configuration is dominated by unvegetated, subtidal surfaces. B: At high
suspended sediment concentrations (0.1 g/L), marshes expand across basin, replacing un-
vegetated surfaces as the dominant environment. C: At low suspended sediment concentra-
tions (same as initial condition), expansive platform persists despite some platform deepen-

ing and channel widening.
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example, expansive marsh persists today under
suspended sediment concentrations (~0.001
g/L; Cavatorta et al., 2003; Hopkinson, 2007)
that our model experiments predict are too low
for marsh formation. Our observations of land-
use—driven marsh expansion coupled with mod-
eled resiliency to sediment supply reduction,
therefore, suggest that expansive marshes per-
sist today in a metastable equilibrium. If true,
marshland that is lost today will not be replaced
unless land-use patterns change drastically.

While our model experiments demonstrate
resilience to large reductions in sediment sup-
ply, field observations of marsh degradation
indicate that there are limits to the conditions
under which ecogeomorphic feedbacks can
allow an expansive marsh to persist. Sediment
deficient marshes are submerging rapidly in the
Chesapeake Bay and coastal Louisiana regions,
for example, but are surviving in areas with high
sediment input (Cahoon et al., 1995; Kearney et
al., 2002). Similarly, marshes along the Yangtze
River delta (China) that have grown seaward
since the seventh century are now retreating
landward due to sediment reduction associated
with the Three Gorges Dam (Yang et al., 2005).
Therefore, our observations of land-use—driven
marsh expansion complement observations
of sediment-driven degradation, and further
emphasize the important role that sediment sup-
ply plays in marsh evolution.

If some expansive marshes are indeed a relict
feature of historical land-use change, could wide-
spread degradation observed today represent a
slow return of marshes to their low sediment sup-
ply, pre-settlement extent? This transition would
involve an enormous loss in ecosystem services,
and raises an interesting paradox for manag-
ers and policy makers. Our results suggest that
expensive wetland restoration may in some cases
amount to an attempt to prevent coastal wetlands
from returning to their natural state. While this
approach maximizes ecosystem services that
include storm protection, it strongly contrasts
management objectives in other ecosystems
(e.g., reintroducing prehistoric fire regimes to
western North American forests).
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