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Abstract The storm surge from a single hurricane
can deposit tens of millions of tons of sediment on
coastal wetlands within 100 km of landfall, but the
distribution and cumulative amount from hurricanes at
a centurial timescale is unknown. Here we use a model
calibrated by three storms to estimate the average
deposition on the deteriorating Louisiana coast from
1851 to 2008. The total deposition on Louisiana coastal
wetlands, exclusive of open water, averages 5.6 million
tons of inorganic sediment per year, equivalent to 3.8 %
of the modern annual Mississippi River sediment load.
Seventy nine percent of this sediment is deposited in a
20 km strip along the Gulf of Mexico (7,400 km?
wetlands) comprised primarily of salt marshes, and this
distribution matches spatial and temporal patterns
described in modern surficial deposits and sediment
cores. We estimate that surge-induced deposition of
sediment is attributable to at least 65 % of the inorganic
content of the top 24 cm of soils in abandoned delta
lobes, and 80 % in the chenier plain. While the most
sedimentation from a given event results from the most
intense storms, 78 % of the long-term hurricane
sedimentation results from moderate storms (930-990
mb) that comprise 51 % of tropical cyclone events.
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Furthermore, we estimate that the 47 % of storms that
make landfall with an internal barometric pressure
above 990 mb account for only 7 % of the tropical
cyclone sedimentation on wetlands.
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Introduction

Coastal wetlands provide storm protection for coastal
communities by buffering storm surge, stabilizing
shorelines, and reducing wave energy (Barbier et al.
2008; Costanza et al. 2008; Gedan et al. 2011; Shepard
et al. 2011). The protection and restoration of coastal
areas is projected to cost $50 billion in Louisiana
alone, and is largely centered on the delivery of
sediment to the coastal landscape (CPRAL 2012). It is
widely acknowledged that intense, but infrequent and
often destructive storm surge events, such as those
resulting from tropical cyclones and tsunamis, can
result in the deposition of inorganic sediments which
may get incorporated into the soil profile (Stone et al.
1997; Turner et al. 2006; Nanayama et al. 2007; Boldt
et al. 2010; Tweel and Turner 2012a; Schuerch et al.
2012). These sediments can increase wetland eleva-
tion, slow wetland subsidence, and affect habitat
quality (McKee and Cherry 2009). However, the
frequency, magnitude, and spatial distribution of this
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sedimentation, as well as its influence on wetland soil
development, are not well understood for Louisiana or
other coastal systems.

The spatial pattern and structure of the coastal
Louisiana wetland landscape is driven by the distri-
bution of sediments both at and below the surface, and
the organic accumulations from emergent vegetation
which can form peat deposits (Kolb and van Lopik
1966; Kosters et al. 1987; Blum and Roberts 2009).
The structure beneath the marsh landscape is charac-
terized by delta lobe progradation and abandonment,
which began when sea level rise decelerated 7-8 kya
(Stanley and Warne 1994). Emergent wetland plants
became established when inorganic sediments filled
coastal waters sufficiently for plants to root. Delta
lobes grew, river channels switched, and the downdrift
chenier plain accumulated sediments that also began
to support emergent vegetation (McBride et al. 2007).
The result was a net gain in land (19,000 km? by 1932,
Couvillion et al. 2011) comprised of uplands, chenier
ridges, natural levees, barrier islands, and one of the
most extensive wetland landscapes in the world. The
surface soils at the active deltas are almost entirely
comprised of inorganic sediments, and the variable
sediment loads resulting from human activities
upstream have been linked to variations in the extent
of marsh vegetation at the mouth of the river (Tweel
and Turner 2012b). The soil composition elsewhere,
however, is a mixture of inorganics and organics,
including peaty soils between abandoned channel
networks (Kosters et al. 1987). Infrequent and spa-
tially varied hurricane events can deposit 30x more
sediments in a year (wetland platform only), than once
annually flowed over previously unconfined river
levees (wetlands and inshore waters), punctuating
organic-rich soils with mineral-rich sediment layers
(Turner et al. 2006, 2007). Hurricane-induced sedi-
mentation is dispersed across the landscape at a coast-
wide scale, whereas sediments deposited after flowing
overbank or through crevasses are more geographi-
cally limited (Kolb and van Lopik 1966). Conse-
quently, the soils that develop in each of these
environments are characterized by the proximity to,
and frequency of, these sedimentation events.

About 80 % of the total wetland sedimentation
from a given hurricane striking Louisiana occurs
within 20 km inland from the Gulf of Mexico, and
58 % occurs within 50 km of the landfall location
(Tweel and Turner 2012a). A 160-year history of

@ Springer

Louisiana hurricane landfalls suggests, however, that
hurricane landfall location, timing, and intensity have
varied widely across the coast (McAdie et al. 2009),
and so the cumulative sedimentation from hurricanes
may vary over space and time across the coastal
Louisiana wetland landscape.

The long-term and coast-wide effect of these events
on the distribution of inorganic sediment has been
difficult to quantify because of the irregular and
infrequent occurrence of the storms, and the logistical
challenges of sampling across such a vast area in a
timely manner after each storm. Here we investigate
the long-term contribution of hurricane events to soil
inorganic matter content in Louisiana coastal wet-
lands. We use a long-term and spatially explicit
statistical model that includes historical records dating
to 1851 and examine the results within the context of
two independent, but complimentary, analyses of
wetland soil characteristics for coastal Louisiana.
One dataset describes the inorganic content of the top
24 cm of wetland soil across the coast (Tweel and
Turner 2012b), and the other examines temporal
fluctuations in mineral sediment deposition in deltaic
plain salt marshes since 1910 (Turner et al. 2007).

Methods
Study area and model scope

The study area includes all wetlands (USFWS National
Wetlands Inventory) within the coastal zone from the
Louisiana/Mississippi border west to Galveston Bay
(Fig. 1). The three hurricanes studied in this analysis
crossed over a landscape of differing soils, vegetation,
and geologic histories in both the chenier and deltaic
plains. Hurricane Rita deposited sediment on interme-
diate, brackish, and fresh marshes, with a gradient of
decreasing soil mineral content (top 24 cm) ranging
from 85 % near the Gulf of Mexico to an average
of 13 % in the freshwater marshes farther inland
(Tweel and Turner 2012b). Hurricanes Katrina and
Gustav made landfall on remnant deltas of the Missis-
sippi River. The most seaward 20 km of these areas is
characterized by mineral-rich soils (60-90 % by
weight) that support a vast expanse of Spartina
alterniflora salt marshes (Tweel and Turner 2012b).
Moving inland from the Gulf, marsh types transition to
brackish, intermediate, and then freshwater wetland,
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Fig. 1 Hurricane landfalls in Louisiana and Texas west to
Galveston Bay from 1851 to 2008. Bar lengths show hurricane
forward speed, and line thickness corresponds to storm strength.

and soil types become progressively more organic
along this same gradient. The uppermost marshes of
Barataria Bay, for instance, are characterized by
freshwater marshes with peaty soils (7 % mineral).

Remnant distributary ridges, natural levees along
the Mississippi River, and cheniers contain more
mineral soils, but are generally characterized by
upland habitats which were not of interest to this
study. Non-marsh areas were excluded from this
analysis along with developed areas that may have
historically been wetland. Although we were primarily
interested in wetland sedimentation within the deltaic
and chenier plains of Louisiana, we included coastal
wetlands west to Galveston Bay because tropical
cyclone effects can extend hundreds of kilometers
from landfall (Cahoon et al. 1995; Turner et al. 2006).
Hurricane Ike, for instance, made landfall at the
western edge of our study area, but produced signif-
icant sedimentation in the Louisiana chenier plain
(Williams 2012).

Historical tropical cyclone data for Louisiana

We used NOAA’s HURDAT database to isolate
tropical cyclones (hurricanes, tropical storms, and
tropical depressions) entering the study area between
1851 and 2008 (http://www.aoml.noaa.gov/hrd/
hurdat/Data_Storm.html). This database contains the
geographic location, wind speed, barometric pressure,
and Saffir-Simpson category for all known tropical
cyclone events in the Atlantic Basin at 6-h intervals.

The inset shows the general location of study area (black).
Hurricane strength (H) is defined by the Saffir-Simpson
hurricane intensity scale, where HS5 is the strongest storm

We assumed that the event characteristics preceding
landfall were most representative of those at landfall.
Additional events may have resulted in sedimentation
within the study area, such as tropical cyclones passing
near coastal Louisiana but not making landfall.

Model parameterization

We investigated the quantity and distribution of
wetland sedimentation following three recent sedi-
mentation events: Hurricanes Katrina (2005), Rita
(2005), and Gustav (2008). With regard to historical
landfalls, the characteristics of these storms were
representative of the database, with their parameters
falling within range of common landfall speeds and
approach angles (Fig. 2). These hurricanes resulted in
the deposition of 68 + 9,48 + 8and 21 £+ 4 x 10° t,
respectively, of inorganic sediment on the marsh
surface (Tweel and Turner 2012a). This deposition,
whether on only wetlands or extrapolated to include
inshore waters, was inversely proportional to storm
intensity as measured by barometric pressure at
landfall (Fig. 3a), and proportional to wind speed at
landfall. We used this relationship as the basis for
modeling the total wetland sedimentation from his-
torical events as a function of pressure (Table 1).
When pressure data were not available, especially
before 1960, we estimated pressure based on its
relationship to wind speed (p < 0.0001, Fig. 4).
Prediction error for this relationship at the mean wind
speed was 1.2 % (95 % confidence). We used a
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Fig. 2 Probability distributions for hurricane landfalls in the
study area, based on data from 1851 to 2008. a Saffir-Simpson
hurricane intensity scale, b internal pressure (mb) at landfall,
c forward speed at landfall (km h™!) for all hurricanes (light
gray) and hurricanes with landfall pressure below 960 mb, and,
d direction of hurricane travel at landfall relative to 2 m isobath
for all hurricanes (light gray) and hurricanes with landfall
pressure below 960 mb

square-root transformation of pressure to meet para-
metric assumptions, and this relationship was signif-
icant with and without transformation. We also tested
the relationship of deposition to other variables such as
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Fig. 3 a Relationship between pressure at landfall and total
wetland deposition in the study area (£95 % CI, open circles)
and wetland plus extrapolated inshore subaqueous (at mean sea
level) deposition (solid circles), and b distribution of sediment
deposition by landfall barometric pressure for all Louisiana
HURDAT events

the extent of tropical storm force winds at landfall, but
these did not explain as much variance as internal
barometric pressure.

We previously observed that sediment deposition
within each storm event decayed with distance from
storm track and distance from shoreline (Tweel and
Turner 2012a), and used this as a starting point to
model sediment deposition within a given event.
Because of differing land-to-water ratios within the
study areas that would have introduced more variabil-
ity, we used combined estimates for wetland and
inshore subaqueous sedimentation for the whole area,
and then subtracted out the percent of water pixel-by-
pixel. The final estimates of total deposition we
present are, therefore, for marsh-only deposition.

We used a grid size of 10 km to meet our objective
of producing a landscape-scale statistical model, and
as a reasonable scale to match the precision of our
sedimentation estimates and the uncertainties of the
HURDAT storm tracks (McAdie et al. 2009). Addi-
tionally, Louisiana has experienced significant
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Table 1 Statistics and regression parameters used to estimate the total inorganic sediment deposition per event, and the spatial

distribution of sedimentation within events

Model Variable Coefficient F 4 Adj. R* n
Total deposition (tons x 10°)
Wetland + inshore = (by +b;P)* 718.37  0.0014 0.99 4
Intercept bp: 119.15696 0.0012
Pressure® (P) b;: —0.11775 0.0014
Wetland only = (by +b,P)* 246.60  0.0040 0.99 4
Intercept bo: 80.42468 0.0036
Pressure® (P) b;: —0.07939 0.0040
Spatial distribution (% of total per 10 km pixel)
W Model® = (b;T? + byT + b;C + b,C x T+ bsT x P + by)® 7727 <0.0001 0.73 143
Track (%) b;: —0.00201 <0.0001
Track (T) by: 0.14523 <0.0001
Coast (C) bz —0.04347 <0.0001
Coast x track (C x T) by 0.00301 <0.0001
Track x pressure® (T x P) bs: —0.00014 <0.0001
Intercept bo: 0.21407 <0.0001
E Model® = (b,T* 4 b,T + bsC + by)* 109.74 <0.0001 0.75 110
Track (%) b;: 0.00001 <0.0001
Track (T) by: —0.00181 <0.0001
Coast (C) b3: —0.00112 <0.0001
Intercept bp: 0.16253 <0.0001

Distances are measured in km and pressure is measured in mb, see text for explanation of equations

# Pressure at landfall in mb

® Distances in km. Inputs of all distances are square-root transformed

¢ Distances in km. Inputs of distance from track are square-root transformed

wetland losses since the 1930s, and so this larger scale
helps buffer some of the bias introduced by shorelines
that may have changed throughout the study period.
The deposition data modeled here were the estimates
of total deposition derived using inverse distance
weighting reported previously (Tweel and Turner
2012a). The total sample size was 263 pixels, with an
average percent wetland of 51.3 + 1.3 % (u + SE).
Because the spatial distribution of sedimentation
resulting from Hurricane Katrina was quite different
from that of Rita and Gustav (Tweel and Turner
2012a), we fit two separate spatial distribution
regression models: the first was based on data from
Hurricanes Rita and Gustav which made landfall west
of the Mississippi River and had their greatest impact
east of the storm track (W Model), and the second was
based on data from Hurricane Katrina, which passed
over Breton Sound east of the Mississippi River and
had the bulk of its Louisiana effect to the west of the

storm track (E Model, Table 1). Modeled events were
classified according to whether or not they passed over
the Breton Sound basin at any point, which included
17 of the 58 modeled hurricane events. This distinc-
tion follows previously reported differences in sedi-
mentation patterns, storm surge heights, and modeled
storm surges between storms passing over the east-
facing Breton Sound Basin and south-facing coast
west of the Mississippi River (USACE 1972; Dietrich
et al. 2010). We excluded nine pixels in the Missis-
sippi River birdfoot delta and Biloxi Marsh where no
sediment sampling occurred. Because of the long time
period being studied, we excluded one observation of
anomalously high sedimentation from the same loca-
tion where altered storm surge dynamics have been
attributed to anthropogenic landscape modifications in
the upper Breton Sound Basin that were not in place
for the majority of the study period (Mashriqui et al.
2006; Ebersole et al. 2010).

@ Springer



1088

Landscape Ecol (2014) 29:1083-1094

1030 -
1010 A
o 9904
E
L 9704
3
(2]
(7]
L 950 :
Q. [} .
L '
£ 930 '}'f
£ 1L
o Il'
5 91 HEHR
@ Te o
890 - e
..

870 +—AAAAAA AAAAAAAA AA A A
0 100 200 300

wind speed (km h)

Fig. 4 Relationship between wind speed and internal baromet-
ric pressure at landfall for Louisiana (white diamonds) and all
other Atlantic observations (black dots) from 1851 to 2008. The
outer bands mark the 95 % prediction interval and the inner
bands mark the 95 % confidence interval. Wind speed
observations where pressure was estimated are shown at bottom
(black triangles)

We used a backward-selection multiple polynomial
regression to fit the most appropriate models (PROC
REG, SAS Institute, Cary, NC), and selected variables
based on distance decay relationships observed earlier
(Tweel and Turner 2012a). The independent variables
were distances to coastline and storm track in km, and, in
the case of the W model, barometric pressure at landfall.
We used percent of total, as opposed to absolute
deposition in grams per square centimeter, to allow for
scaling of the output according to storm intensity. For
this analysis, we defined the coastline as following the
outer shoreline of the barrier islands, and the landward
extent of open water for the large (20 km) coastal bays
(e.g., Barataria, Terrebonne, Breton Sound). We gen-
eralized the complex shorelines of the large coastal bays
using the Simplify Polygon function (ArcInfo 10.0,
ESRI, Redlands, CA, USA), and then extended this
boundary seaward 5 km to account for smaller features
that may have been smoothed over. This served as the
reference line from which the distance measurements
were taken. If this line was defined differently, the
model results would remain unchanged, just measured
from a different reference point.

We started modeling with third-order polynomial
functions, and also tested linear interactions between
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the independent variables. These additional terms
allowed the depositional surface to vary throughout
the study area. The decay relationship away from the
storm, for example, might be different than nearer the
storm. Variables that were not significant were
removed, and the regressions were reanalyzed. We
tested for normality of residuals and used partial
residuals and the PRESS statistic to ensure that the
dependent variable was adequately modeled and that
the most appropriate models were selected. We
restricted the depositional area to within 150 km from
the storm track in both models, and also to the area east
of the track for the W model. The latter decision was
based on observations of the distribution of mineral
sediment on the marsh surface following hurricane
events in 2005 and 2008, which revealed no instances
of sedimentation (>0.5 cm) west of the track for Rita
and Gustav-type events (Tweel and Turner 2012a). Our
final model results are presented in grams inorganic
matter per square centimeter of wetland, rather than
total sedimentation per pixel which would not account
for potential differences between sedimentation on the
marsh platform and subaqueous sedimentation.

Model application

We estimated the total inorganic wetland deposition
and spatial distribution for each event between 1851
and 2008 that has been categorized as Category 1 or
higher on the Saffir-Simpson scale for a 10 km grid of
coastal Louisiana. We then combined these estimates
to determine the cumulative deposition in coastal
wetlands, and divided by the number of years in the
study period to determine an annual average rate of
inorganic sediment deposition resulting from hurri-
cane events. We then compared these results to both
planar and stratigraphic distributions of mineral sed-
iment for coastal Louisiana wetland soils (Turner et al.
2007; Tweel and Turner 2012b).

Model limitations

This model is a landscape-scale or event-scale model
of coastal marsh sedimentation resulting from hurri-
canes in Louisiana. We did not include tropical storms
and tropical depressions in the spatial model, although
we estimated the total deposition from these smaller
events based on their pressure. There are no landscape-
scale tropical storm or tropical depression data
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currently available to describe the spatial distribution
sediment deposited on the marsh surface following
these events.

Sedimentation from tropical cyclone events may
also vary on a more local scale (10° m) due to local
bathymetry or channel morphology (Miner et al. 2009;
Otvos 2011) or even smaller scales (<10° m) such as
vegetative cover (Rejmanek et al. 1988). The model is
calibrated, therefore, for the mean wetland sedimen-
tation in a given pixel, and may be locally higher or
lower within that pixel. This result is consistent with
our objective of identifying long-term patterns in
sediment distribution on this coast, whereby smaller
variations, although locally significant, would be of
less consequence to the long-term and large-scale
trends. Because the model is based on geographic
characteristics of sedimentation events in Louisiana’s
gently-sloping coastal plain, we expect that the model
parameters would vary for other geographic locations.
We also assume that wind speed and internal baro-
metric pressure at landfall are the dominant factors
determining sedimentation, as identified by the three
study events, although additional factors such as
approach angle, storm size, and forward speed may
also be factors (Irish et al. 2011). The storm events
studied here are representative of the most common
types in terms of forward speed and approach angle,
while still providing a gradient of storm intensities to
examine (Fig. 2). Future research on tropical cyclone
sedimentation events should identify if and how these
additional factors may also affect the distribution and
magnitude of wetland sedimentation. We did not study
or model subaqueous sedimentation or erosion, which
can be significant (Miner et al. 2009; Freeman and
Roberts 2012), but are much more difficult to study at
the landscape scale.

Results

Between 1851 and 2008 coastal Louisiana and the
adjacent Texas coast (Galveston Bay to the Louisiana
border) were traversed by 58 hurricanes ranked as
Category 1 or greater on the Saffir-Simpson scale
(Fig. 1), and 55 tropical storms or tropical depres-
sions. The annual probability of hurricane landfall
decreased with increasing storm intensities (Fig. 2).
The cumulative effect of all modeled hurricanes would
be equivalent to an annual inorganic sediment

deposition of 5.6 x 10° t in Louisiana coastal wet-
lands. The amount for the Bolivar Peninsula in Texas
(4 x 10° t year ') is likely underestimated because it
does not account for storms tracking south of Galves-
ton Bay.

The deltaic plain receives 64 % of the total hurri-
cane deposition on Louisiana coastal wetlands, and
those in the chenier plain receive 26 %. We estimate
that 65 % of the total Louisiana deposition from all
tropical cyclone events (hurricanes plus tropical
storms) results from events with landfall barometric
pressure below 960 mb (approximately Category 3 or
greater; 16 % of all HURDAT events), with 92 %
resulting from events ranked as Category 1 or greater
(51 % of events, Fig. 3b). Additionally, 79 % of the
total estimated long-term hurricane sedimentation
(i.e., not including tropical storms) occurs within the
first 20 km inland from the coastline (7,400 km?>
wetlands) and 50 % occurs in the first 10 km inland,
which is similar to the observations from discrete
events studied previously (Tweel and Turner 2012a).

The average deposition of inorganic sediment result-
ing from hurricane events is 0.047 g cm ™2 year™' for
all Louisiana coastal wetlands, but the spatial distribu-
tion is highly variable (¢ = 0.031). The greatest
sedimentation appears to occur in the marshes flanking
Terrebonne and Barataria Bays, where up to
0.16 g cm ™2 year ' of inorganic sediment is deposited.
By comparison, the model indicates that inorganic
sediment deposition in the upper reaches of Barataria
Basin from hurricanes is less than 0.01 g cm™~ year™ '
(Fig. 5). Mean deposition rates decreased along a
marine to freshwater gradient of marsh types as follows:
salt (0.082 g cm 2 year '), brackish (0.051 g cm 2
year_l), intermediate (0.036 g cm 2 year_l), freshwa-
ter (0.032 g cm ™2 year ). If considered separately, the
rate for freshwater marshes at the mouth of the
Mississippi River is 0.057 g cm ™2 year™' and for all
other freshwater marshes the mean annual rate is
0.028 g cm™~ year '

The spatial distribution of hurricane landfalls varied
throughout the study area. The greatest landfall density
was in the 60 km stretch of coastline between Point
Chevreuil and Sister (Caillou) Lake. This area was
traversed by 15 Category 1 or greater events during the
study period, while the nearby 60 km stretch from
Marsh Island to Tigre Point received only 1 landfall.
These differences are apparent in the spatial distribution
of long-term hurricane sedimentation rates (Fig. 5).
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(» < 0.0001). Although the full statistical model
compares well to the broad range of sedimentation
observed in three recent events (R2 = 0.72,
Fa, 777y = 1952, p < 0.001), it tends to under-predict
at the largest values and over-predict at the smallest
values. The largest 9 observations have high leverage
on the validation line, and the slope increases from 0.70
to 0.82 for the remaining 98.8 % of the data
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1.2 % (>6.9 g Cm72) is under-predicted by 43 %. The mark the 95 % prediction interval, the inner bands mark the

95 % confidence interval, and the open shapes indicate the most
under-predicted values. The axes are scaled logarithmically to
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95 % prediction interval contains 93 % of the data.

Discussion

distribution, however, varies along the coast with
The annual deposition of sediment on the marsh landfall location and with distance inland as storm
surface from hurricanes is estimated to be 5.6 x 10° surge intensity, and thus sediment transport capacity,
t of inorganic sediment for Louisiana coastal wet- is reduced. We estimate that, by dividing the average
lands, which, for comparison, equates to 3.8 % of the estimated hurricane sedimentation rates for the deltaic
modern annual Mississippi River load (Meade and and chenier plains by the total inorganic sedimentation
Moody 2010) and 3.2 % of the estimated pre-distur- rates for the same areas (Table 16 in Piazza et al.
bance load (Tweel and Turner 2012b). The spatial 2011), 65 % of the inorganic sediment in wetland soils
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of the deltaic plain, and 80 % for the chenier plain,
could directly result from hurricanes making landfall
in the study area. These are conservative estimates,
because additional sedimentation may result from
tropical storms and from hurricanes passing near the
study area but not making landfall.

The magnitude and chronology of sedimentation
events developed from this analysis compares well to
the inorganic content of 51 deltaic plain salt marsh
cores representing the period from 1910 to 1993 as
identified using ?'°Pb and '*’Cs dating techniques
(Fig. 7, R*=0.62, Fg, = 137.73, p <0.001;
Turner et al. 2007). While discrete event laminae are
typically not recognizable in centuries-old peat, peri-
ods of high hurricane activity correspond to peaks in
mineral content relative to soils formed in the absence
of hurricanes. The largest peaks between 1910 and
1990 occur around 1970 for both datasets. This span
from 1964 to 1974 marks the period of greatest
historical hurricane frequency for Louisiana, during
which it was struck by four hurricanes ranking
Category 3 or greater, as well as one Category 2
event. The core data show a smoothed peak in mineral
sediment content, rather than discrete events, indicat-
ing that as sediments are consolidated, some of this
sediment may be redistributed vertically. Peaks in
hurricane activity and intensity also correspond to
peaks in soil mineral content around 1915 (2 unnamed
Category 3 events) and 1992 (Hurricane Andrew). The
difference in relative magnitudes between the 1970
peak and 1992 for the modeling and core study is
expected because the sediments from Hurricane
Andrew were relatively recently deposited at the time
of collection, while the older sediments had become
diluted by autogenic sedimentation over three decades
(Turner et al. 2007).

Our model of long-term hurricane sedimentation is
consistent with broad-scale trends in the spatial
distribution of wetland soil types along the Louisiana
coast. Wetland soils where inorganic content in the top
24 cm comprises about 60 % of soil mass are found in
two main areas along this coast: active deltas and salt
marshes. There are two distinct clusters that do not fit
the general trend: the Mississippi River birdfoot delta
and the Atchafalaya/Wax Lake deltas, through which
almost all of the Mississippi River discharge passes
(Fig. 8; R* = 0.51, F,153 = 159.95, p < 0.0001).
The dominant inorganic sediment source for these
wetland soils is from the deposition of suspended

sediments directly from the river rather than the
resuspension of sediments by storm-associated waves
(Tweel and Turner 2012b). The asymptotic appear-
ance of the overall curve (maximum is near 80 %
inorganic content for deltaic plain soils, regardless of
rate of input) may result from a minimum threshold of
organic content due to the presence of salt marsh
vegetation.

The marine-dominated sediment budget for inac-
tive delta portions of the Louisiana coast exhibits
similarities to some other coastal wetlands, such as the
Ganges—Brahmaputra delta in Bangladesh. Using
grain size-normalized '*’Cs inventories, it was
reported that between 7 and 13 % of the annual
Ganges—Brahmaputra sediment load is delivered to
the Sunderbans delta plain during cyclonic and
monsoonal events (Allison and Kepple 2001), which
is within range of the estimate for this study. The
Sunderbans is also characterized by a decreasing
inland trend of inorganic sediment accretion compa-
rable to the trend we observe for the Louisiana deltaic
plain. Similarly, accretion rates in a German salt marsh
are driven primarily by periods of high storm activity
and storm surge events (Schuerch et al. 2012).
Consistent sediment input from historic and pre-
historic storm events has also been observed in New
England (Boldt et al. 2010) and mid-Atlantic salt
marshes (Stumpf 1983).

This reworking of deltaic sediment follows the
widely used delta cycle model of overwash processes
that regulate barrier island development and decay
(Penland et al. 1988), albeit at a larger scale—up to
hundreds of kilometers from source to sink. In the
absence of anthropogenic landscape modification,
marine-dominated coastal wetlands can persist for
thousands of years, with vertical accretion driven
largely by organic accretionary processes (Turner
et al. 2002; McKee et al. 2007), but supplemented by
tropical cyclones and more local sedimentation events.
An example of this persistence of wetlands is the
Biloxi Marsh, in the abandoned St. Bernard Delta of
the Mississippi River (4,000-2,000 BP), which has
one of the lowest land loss rates along the Louisiana
coast (Couvillion et al. 2011). Areas of high historic
(post 1932) land loss do not appear to be coincidental
with the observed patterns in hurricane sedimentation.
These areas of high land loss have been subjected to a
variety of natural and anthropogenic stressors includ-
ing altered sheet flow hydrology via canal dredging,
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Fig. 7 Temporal distribution of estimated hurricane sedimen-
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Fig. 8 Comparison of modeled hurricane deposition and soil
type for Louisiana coastal marshes. The curve is logarithmically
fit to data for deltaic plain and chenier plain marshes. Soil data
from the Atchafalaya/Wax Lake deltas and birdfoot delta are
clustered above most points from the coastal plains. The outer
bands mark the 95 % prediction interval and the inner bands
mark the 95 % confidence interval

and reductions in riverine sediment supply to deltaic
wetlands (Turner 1997; Tweel and Turner 2012b).
The differing storm strengths in this analysis
provide an opportunity to investigate their relationship
to sediment deposition. Although the three hurricanes
studied made landfalls in different locations, with
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different approach angles and forward speeds, they fall
within the range of the most frequent approach angles
and forward speeds. In this regard, we would expect
the high correlation (R2 = 0.99) between sediment
deposition and barometric pressure to co-vary with
additional storm characteristics. Previously published
storm surge models nonetheless suggest that the
characteristics of storm intensity have a greater
influence than forward speed or approach angle (Irish
etal. 2011). Therefore, we have no reason to reject this
model based on currently available data. More data are
needed to improve these estimates and better under-
stand the relationship between storm characteristics
and the spatial distribution of sediment deposition
both on wetlands and in shallow inshore waters for
large, infrequent hurricanes as well as smaller, more
frequent tropical storms or depressions.

Conclusions

Hurricane storm surge sedimentation events appear to
be the dominant source of inorganic sediment for the
80 % of the Louisiana coast that comprises abandoned
delta lobes and the chenier plain. This large-scale re-
working of deltaic sediments in an offshore to inshore
direction is consistent with the distribution of soil
types along the coast that generally decrease in
mineral content with distance from the Gulf of
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Mexico. Louisiana coastal marshes farther inland
(30 km or more) are supplied with less mineral
sediment from these events, and consequently main-
tain elevation by predominantly organic processes, as
evidenced by continuous peat deposits that pre-date
modern anthropogenic landscape modifications. We
expect that future changes in storm frequency or
intensity, coupled with both isostatic and eustatic sea
level rise, would result in changes to the distribution
and magnitude of these sedimentation events.
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