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During the 2005 hurricane season, the storm surge and wave field
associated with Hurricanes Katrina and Rita eroded 527 km2 of
wetlands within the Louisiana coastal plain. Low salinity wetlands
were preferentially eroded, while higher salinity wetlands re-
mained robust and largely unchanged. Here we highlight geotech-
nical differences between the soil profiles of high and low salinity
regimes, which are controlled by vegetation and result in differen-
tial erosion. In low salinity wetlands, a weak zone (shear strength
500–1450 Pa) was observed ∼30 cm below the marsh surface,
coinciding with the base of rooting. High salinity wetlands had
no such zone (shear strengths > 4500 Pa) and contained deeper
rooting. Storm waves during Hurricane Katrina produced shear
stresses between 425–3600 Pa, sufficient to cause widespread
erosion of the low salinity wetlands. Vegetation in low salinity
marshes is subject to shallower rooting and is susceptible to
erosion during large magnitude storms; these conditions may be
exacerbated by low inorganic sediment content and high nutrient
inputs. The dramatic difference in resiliency of fresh versus more
saline marshes suggests that the introduction of freshwater to
marshes as part of restoration efforts may therefore weaken
existing wetlands rendering them vulnerable to hurricanes.
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Coastal wetlands are valued for their ability to protect
landward areas from the impacts of storms: dampening wave

energy, distancing the mainland from the open water, and poten-
tially reducing storm surge height (1–5). Understanding and pre-
dicting wetland loss, and the consequences with respect to coastal
populations, is of global interest. Present projections suggest that
before the end of the century, as much as one third of the world’s
coastal wetlands could be lost to sea-level rise (6). Furthermore, a
recent study (7) underscores the vulnerability of the world’s
largest deltas and the need to maintain the sediment supply to
the vast wetlands that comprise these regions. In an effort to
stabilize deltaic wetlands, riverine diversions have been intro-
duced, designed to restore (preanthropogenic) conditions by
reducing salinity and reintroducing sediment within these vulner-
able deltas (8).

Much of the research pertaining to wetland loss considers the
threat of submergence due to an inability to keep pace with sea
level (2–4, 9). However, in their role as a coastal buffer, marshes
may experience a range of damage including vegetation mortality
as a result of wrack deposition during high waters, salt intrusion
into freshwater wetlands, enhanced wave erosion at the marsh
edge (10), or the bulk removal of the vegetation mat. The extent
of this damage will affect recovery time and the health of the
poststorm marsh and its effectiveness as a buffer, and it may lead
to permanent wetland loss (5, 11). Arguably, cannibalization of
sediment from one region of the marsh may provide the input
necessary to bolster neighboring zones (3), but the result is still
one of net loss.

In 2005, the storm surge and wave field associated with
Hurricanes Katrina and Rita eroded 527 km2 of wetlands within
the Louisiana coastal plain (11). Low salinity wetlands were pre-

ferentially eroded, while higher salinity wetlands were more re-
silient (Fig. 1). Salinity regimes were defined according to
vegetation mapping (12, 13): “low salinity” describes a grouping
of freshwater and intermediate marsh comparable to limnetic and
olighohaline conditions; “high salinity” incorporates brackish and
saline marsh and is equivalent to meso- and polyhaline condi-
tions. (For further information on vegetation-salinity regimes
see Table S1.) The high degree of spatial coincidence between
hurricane-induced erosion and low salinity wetlands across coast-
al Louisiana (including parts of the Chenier plain and the Bird-
foot, Wax Lake, and Atchafalaya deltas) suggests a regionally
consistent process-response model. Furthermore, the fact that
older landforms (the Chenier Plain and Breton Sound) experi-
enced similar land loss trends to relatively modern landforms
(Birdfoot and Wax Lake deltas) suggests that it is not age that
is controlling land loss but salinity regime. In this paper we explore
the ability of different wetland types to resist erosion by quantify-
ing the shear strength of the soils and vegetation, and we compare
these strengths to the forces imposed across the wetlands by
hurricane-generated waves. In upper Breton Sound, a region that
is heavily impacted by a freshwater diversion, we find that low
salinity marshes have shallower rooting and significantly weaker
soils. These conditions could be exacerbated by low inorganic
sediment content (14) and high nutrient inputs (15, 16).

In the mid-twentieth century, levee construction along the
Mississippi River effectively cut off wetlands from fluvial sedi-
mentation and freshwater overland flows. To restore the preex-
isting salinity gradients and the extent of freshwater wetlands,
the Caernarvon Diversion began operating in 1991, diverting
Mississippi River water into the interior wetlands of Breton
Sound. Additional diversions have been planned for other re-
gions of the Mississippi River delta, which similarly lack a natural
riverine freshwater input. However, the results of this study raise
questions about the resilience of freshwater environs relative to
saline regions.

Within our study site, upper Breton Sound, both low and high
salinity wetlands experienced very similar hydrodynamic condi-
tions during Hurricane Katrina (17), yet low salinity wetlands
failed preferentially, providing a natural case to study causes
of the observed land loss patterns. Furthermore, the freshwater
diversion has been operating for more than 18 years, longer than
at any other site in the delta, allowing the wetlands to adapt to the
imposed conditions. The basin is defined by the Mississippi River
levees along its western margin and the Mississippi River Gulf
Outlet (MGRO) protection levee along the eastern margin,
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Fig. 1. (A and B) Land loss in the Louisiana coastal plain. Low salinity (fresh and intermediate combined) marsh experienced more than twice as much land loss
by percent than high salinity (brackish and saline combined) marsh. The failure of low salinity wetlands was focused in the interior regions of Breton Sound, the
western chenier plain, and the more exposed regions of the Birdfoot and Wax Lake deltas. (C) Zoom in on Breton Sound. Vegetation type and conditions
defining each zone are given in the bottom table (expanded in Table S1).
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encompassing 1;100 km2 of wetlands that grade from freshwater
to saline. Bayou Terre aux Beoufs, a distributary of the former St.
Bernard delta, partitions the flow from the diversion resulting in
extensive low salinity wetlands west of the bayou and higher sali-
nity brackish and saline marshes to the east (18). The diversion
has successfully increased the extent of low salinity wetlands
west of the bayou, displacing the boundary between low and high
salinity wetlands seaward by as much as 29 km since 1991.

As part of this study, ground and aerial surveys of the low sali-
nity wetlands in Breton Sound conducted following Hurricane
Katrina revealed extensive deposits of “marshballs,” uprooted
masses of marsh grass consisting of a rooting mat and bound
sediment. Similar observations have been made elsewhere (5).
The marshballs typically had a rooting depth of 20–30 cm and
were neutrally buoyant. Devegetated peat surfaces in the nearby
marsh surface marked the source regions of the rafted marshballs.
Field observations illustrated that the erosion occurred by scour-
ing of the marsh surface, including the root mat, rather than by
sediment resuspension as has been studied elsewhere (10, 19). A
similar process was suggested by van de Plassche et al. (2004) to
explain erosive contacts within the stratigraphy of a Connecticut
wetland (20). In contrast to the low salinity regions, saline por-
tions of the marsh were left largely intact. We hypothesize that
wave shear stresses generated during the hurricanes exceeded
the shear strength of the low salinity wetland soils, resulting in
failure, whereas greater soil shear strength in the saline wetlands
largely precluded erosion. Soil shear strength and the resistance
of the soil to erosion are determined by the properties of the
vegetation, the surrounding soil matrix, and their interaction.
We propose that resistance to erosion is primarily a function of
rooting characteristics, which depend on the dominant species
of vegetation, as controlled by salinity (2, 13) (Table S1).

Results
Field-vane measurements illustrate that the brackish-saline soils
are geotechnically distinct from the fresh-intermediate soils and
consistently stronger within the upper soil column (P < 0.0001,
α ¼ 0.02) (Fig. 2A). The greatest scatter in shear strength is
observed near the surface, which is attributed to variations in
both rooting density and the strength of individual roots.
Strengths in the two soil types converge with depth. Weak zones
in the freshwater substrate have been identified at depths be-
tween 10–50 cm based on shear strength, characterized not only
by low minimum strengths (1500 Pa) but also reduced maximum
strengths (6800 Pa). In this case, the low minimum strengths re-
flect a low shear strength soil matrix, and the reduced maximum
strengths generally reflect a lower rooting abundance. An analo-
gue low strength layer was not observed in the saline marshes;
they exhibit a more consistent strength profile with depth,
although the decrease in live roots with depth does produce a
decreasing trend in strength.

The field-vane shear strength measurement often overesti-
mates soil strength (21, 22) (Methods and SI Text A). Thus, in or-
der to further quantify the weak layer observed in the low salinity
wetland, laboratory vane measurements were made on undis-
turbed half cores collected in the field. The overall trend in shear
strength is similar to the field tests, but the absolute values
measured were consistently lower. In the weak layer, a minimum
value of 500 Pa was observed and values ranged between
500–3000 Pa (Fig. 2B). The field-vane and lab-vane tests bracket
and constrain the actual undrained strength of the soil.

Model simulations of Hurricane Katrina at the study site pro-
duced a peak surge of 4.4 m, a significant wave height of 2.1 m,
with wave periods between 5–9 s. Using the two representative
roughness lengths (Z0 ¼ 0.17& 0.30 m) (23, 24) wave shear stres-
ses during the storm were calculated at locations surrounding our
coring stations (25). Four model scenarios were used to investi-
gate wave shear stress (Fig. 3 and Fig. S1). The maximum values

of wave shear stress ranged between 425–3600 Pa, sufficient to
cause failure within the low salinity wetland, which exhibited
minimum soil strengths between 500–1450 Pa, but not in the high
salinity regions where the soil strength exceeded 4500 Pa in all
measurements. The potential failure of low strength, low salinity
wetlands under wave shear stresses will be illustrated below with a
scaling argument. In addition to individual wave events, which
produced sufficient shear stress to exceed the soil strength of
the low salinity wetland, there would have been long-term stress
on the underlying substrate due to the repetitive passage of waves
(leading to fatigue), as well as the impact of breaking waves.

In Breton Sound, soil weakness in the low salinity wetlands
correlates closely with an inorganic layer. The layer is identified
by discontinuities in bulk density, gravimetric water content, and
organic content (Fig. 4 and Fig. S2). The layer is interpreted as a
possible crevasse splay or as storm related deposits (20) and is
bracketed above and below by marsh peat. Most importantly,
it lacks the abundant rooting structures observed in the peat layer
above. Low salinity wetlands proximal to rivers and distributaries
are exposed to periodic flooding and are expected to exhibit
similar stratigraphy consisting of a sequence of peat interrupted
by inorganic overbank flood deposits. Similar inorganic layers
have been reported in both the Atchafalaya delta and upper-basin
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Fig. 2. (A) A comparison of in situ shear strength measurements in low and
high salinity wetlands (low salinity n ¼ 53, from six sites; high salinity n ¼ 47,
from six sites) (see Fig. S1). The arrows indicate that the soil shear strength
exceeded the vane maximum, as our objective was to examine minimum
shear strengths. A less sensitive torque head was used to determine the max-
imum values occurring in the saline marsh at only one site. A two-tailed
Welches t-test shows that the low and high salinity populations are signifi-
cantly different (P < 0.0001, α ¼ 0.02). (B) Shear strengths of the low salinity
wetland including both lab (n ¼ 30) and field data (n ¼ 53). Note the mini-
mum in average strengths around 30 cm depth. The arrows at the base of the
diagram indicate wave shear stress from scenarios A, B, C, and D in Fig. 3.
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freshwater wetlands (26, 27). Hurricanes are also capable of
depositing inorganic material across a marsh platform (3).

The minimum freshwater soil strengths were concentrated
near the top of the inorganic layer, approximately 30 cm below
the marsh surface. The depth of the root mat within the post-
Katrina marshballs (20–30 cm) supports the theory that the
wetlands failed along this layer. The interruption in rooting that
coincided with the inorganic sediment layer was likely exploited

during the storm. Intact roots contribute to overall strength of a
soil. Vegetation increases the strength of soils by providing me-
chanical reinforcement, which in turn is controlled by the rooting
depth, diameter, and density (28, 29). The tensile force required
to break individual roots and rhizomes has been shown to scale
with diameter, and the overall shear strength of a soil increases
proportionally to the cross sectional area of the roots crossing the
shearing plane (28, 29). As a result, highly decayed rooting and
unvegetated depths in the soil column display lower values of
strength (30).

Spartina alterniflora is the most abundant species in high
salinity wetland, characterized by extensive horizontal rhizomes
and a dense stem-root network that reinforces the surrounding
soil (31). The rooting depth of Sp. alterniflora is less sensitive
to anoxic soil conditions than other species, allowing it to colonize
lower elevations in the tidal regime (32). In contrast, many
post-Katrina marshballs consisted of Spartina patens, one of
the dominant species in intermediate wetlands (Table S1), which
also has extensive rooting but of a smaller diameter. The plant is
less tolerant to anoxic soil conditions, which likely limits the root
network to shallower depths (32). Direct comparisons of the
variation of belowground biomass with depth indicate that live
rooting is shallower and less abundant in Sp. patens marshes than
in Sp. alterniflora marshes (e.g., 33).

In unvegetated soils, a typical soil strength profile increases
with depth and the greater degree of consolidation. The strength
profile is fundamentally different in vegetated soils (28). In this
case, strength decreases with depth as the result of a decrease in
root abundance. The saline marsh strength measurements exhibit
this trend, which illustrates the dominant role of vegetation in the
uppermost meter of the soil column. The freshwater data reflect a
combination of vegetated and unvegetated profile characteristics.
In the near surface, the vegetation effect is reflected by relatively
high values of strength. However, the profile rapidly decreases
toward a minimum as rooting diminishes near the inorganic layer
and transitions into the typical unvegetated profile of increasing
strength with depth (Fig. 5). Based on our data, the minimum
strength in a wetland soil profile occurs where the control of soil
strength by roots is superseded by control of the substrate (i.e.,
unvegetated soil). This situation exists at a shallow depth in the
low salinity wetland but was not clearly observed in the saline
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Fig. 4. Geotechnical soil properties measured in the low salinity wetland
(see also Figs. S1 and S2). A discontinuity exists at roughly 30 centimeters
depth attributed to an inorganic layer that interrupts the rooting profile
and displays markedly different soil properties.
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wetland, where the rooting continued to dominate the strength
profile to greater depths. The convergence of strength profiles
in the saline and low salinity soils at around 1 m in depth likely
reflects the beginning of the transition from root to substrate con-
trol in the saline marsh.

Discussion
To illustrate the effect of rooting depth (d) on soil failure, we
compare the force of waves imparted on a block of soil and com-
pare it with the forces resisting erosion. The soil fails if the force
of the waves on the block is equal to or greater than the force
resisting scour: Force ¼ Stress ×Area

Failure occurs if:
FR

FA
≤ 1 [1]

Where FR is the resisting force, in this case the strength of the
soil, and FA is the applied force, in this case the wave forcing.

Wave shear stress (τw) acts tangential to the surface of the
marsh and is multiplied by the area over which it acts to calculate
total wave force. The stress is assumed constant over the surface
of the block if the length (l) and width (w) of the block is much less
than the wavelength of the wave. In each wave cycle, there are two
peak wave shear stress events: one with the passage of the trough
and the other beneath the crest. These peak stresses occur in op-
posite directions. The undrained soil strength (τs) is assumed
identical in each plane and acts to resist erosion. This is a simpli-
fication of nature, and of the processes occurring, but remains
useful to illustrate the concept of rooting depth. To erode a rec-
tangular block from an intact marsh surface, failure occurs on five
planes (four vertical planes and one basal plane). In this case, the
total force resisting erosion is the soil strength multiplied by the
surface area of the failure planes. When the ratio of the soil forces
to the wave forces are compared Eq. 1 becomes:

τsðwþ 2wdþ 2ldÞ
τwðwÞ

≤ 1 [2]

Where τs is the undrained shear strength and τw is the wave shear
stress. This expands to�

τs
τw

þ τs
τw

�
2d
l

�
þ τs
τw

�
2d
w

��
≤ 1 [3]

For a given area over which the wave forces act (i.e., a given block
dimensions l × w), the soil force resisting erosion is therefore
proportional to the depth of the roots or the depth of any weak
layer in the soil column. Using values of 30 cm for depth (based on
our field observations of marshball dimensions) and unity
for length scale (i.e., O ∼ 1 m), wave shear stress would need
to exceed the soil strength by a factor of 1.6, to cause failure.
Based on our measurements of minimum strength in low salinity
wetland (500–1450 Pa), “failure” (scouring of the root mat) would
require a wave shear stress of 800–2320 Pa, a range that closely
agrees with our earlier estimates of shear during the storm (425–
3600 Pa). In contrast, the saline marsh displayed a rooting depth
closer to 1 m and minimum strength values of 4,500 Pa. Assuming
the same length scale (O ∼ 1 m), wave shear stress would need to
exceed soil strength by a factor of 2, requiring wave shear stresses
exceeding 9,000 Pa, which exceeds the estimated storm-induced
shear. The depth of the minimum soil strength is clearly a critical
parameter in terms of soil failure. The resistance of a wetland to
scouring is proportional to the depth of any weak layer. A shallow
weakness will enhance failure, as was the case in low salinity wet-
lands of the Louisiana coastal plain.

The detailed physics of marsh failure during storms is more
complicated than this simplified model, however, and the feed-
backs involved are not yet fully understood or quantified. In
addition to rooting properties, soil strength and the mode of
wetland failure will also be affected by soil properties such as
bulk density and water content. The bulk density of the soil matrix
surrounding roots depends on the ratio of mineral to organic ac-
cumulation. Rates of mineral sedimentation in inland freshwater
marshes are as much as five times lower than saline marshes (34),
reducing overburden pressures, soil consolidation, and friction
between the roots and the surrounding soil, which could change
the mode of failure from root breakage to root slippage (28).
When inorganic sedimentation is extremely low, a buoyant root
mat develops (due to the low bulk density of organics) that
diverges from the substrate below and creates a zone of weakness
in the soil column. Further, exposure of marine clays to fresh-
water can also reduce soil matrix strengths by 40–60%; this effect
cannot account for the maximum difference in shear strength
observed between high and low salinity marshes within our data
but must instead be attributed to rooting (35).

High concentrations of nutrients carried by the Mississippi and
Atchafalaya rivers may also contribute to lower soil strength in
areas receiving riverine input. Swarenski et al. (2008) concluded
that river water input to freshwater marshes creates a more re-
ducing soil environment, greater degradation of the root mat, and
a weaker overall soil that is more susceptible to hurricanes; these
observations are mirrored by our freshwater soil strength data in
Breton Sound. Greater concentrations of nitrogen and phos-
phorus may also reduce the need of plant roots to forage deep
into the substrate and thereby reduce the extent and depth of
their rooting (15), a key factor in soil failure. Furthermore, Darby
and Turner (2008) conclude that nitrogen and phosphorous load-
ing increases aboveground biomass. If true, this development
would enhance wave shear stress due to greater vegetation
related roughness lengths, while reducing the belowground soil
reinforcement by roots. A number of reasons can be presented
to account for differences in rooting depth (or strength) between
different species, including stratigraphic or biogeochemical
controls, in any site where regions of vegetation have differing
rooting depths; however, the conceptual model will hold, and
a disparity in soil strength would be expected.

Our research identifies a key difference between the geotech-
nical strength profile of low and high salinity marshes. Saline
marshes in Breton Sound were more able to resist storm erosion
than low salinity wetlands due to higher soil strengths. The com-
parative difference in soil strength is the result of more robust,
deeper rooting by saline marsh plants. Low salinity wetlands
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oretical failure plane occurs deeper in soil column, which results in a higher
value of minimum strength and more resistance to erosion.
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are vulnerable to bulk erosion of the marsh platform during
storms due to weaker soil strengths and reduced rooting depths.
The influence of high nutrient levels or unrooted layers may con-
tribute to or compound this. With this in mind, proposed fresh-
water diversions should be reassessed not only for their ability
to restore low salinity and introduce sediment but their efficacy
in creating robust hurricane-resistant marsh, because the poten-
tial exists for the development of geotechnically weak soils and
thus higher susceptibility to erosion during large magnitude storm
events.

Methods
To quantify the comparative strengths of wetland soils, geotechnical mea-
surements were taken along a transect through low and high salinity
marshes. Half cores were retrieved (avoiding sediment compaction, at sites
a minimum of 15 m from the marsh platform edge) and sampled with depth
to obtain saturated bulk density, gravimetric water content, and organic
content (Figs. S1 and S2). The undrained soil shear strength was measured
in situ using a Seiken field-vane (low salinity n ¼ 53; high salinity n ¼ 47),
and further measurements of weaker soils were carried out in the laboratory
with aWykeham–Farrance lab-vane (low salinity n ¼ 30). Undrained strength
is a measure of strength specifically employed when a rapid loading condi-
tion or force is applied to a fine-grained saturated soil, such that there is
insufficient time for the soil to drain. This was the case when the Breton
Sound region was inundated by the storm surge (the entire region was “open
water”) and experienced wave forces. High and low salinity marshes were
compared for significant difference using a two-tailed Welches t-test.

To establish the hydrodynamic conditions within the basin during storm
conditions, numerical model results were obtained using the full plane steady

state spectral wave model STWAVE run in a quasi-coupled mode with the
unstructured coastal ocean circulation model ADCIRC (interfaced every
30 min), with spatially varying wind fields and spatially varying friction
(15). Based upon the hydrodynamic conditions (significant wave height,
Hs; peak period, Tp; and water depth, h) and an appropriate wave friction
factor (fw ), calculations were made to determine the maximum wave shear
stresses acting on the vegetated marsh platform (25, 36). The wave friction
factor parameterizes the drag related to vegetation and is a function of the
roughness length (Z0), which is influenced by stem density, canopy height,
and leaf geometry (37–41). Although, when emergent, vegetation dramati-
cally reduces flow velocities (4, 40, 42), when fully submerged it produces a
two-phase flow; speeds are reduced within the canopy, while a faster skim-
ming flow occurs above the canopy (38, 41). When water depth becomes sig-
nificantly deeper than the canopy height, as occurred during Hurricane
Katrina, vegetation can be considered as a bed roughness element, retarding
flow and increasing shear in the near-bed boundary layer (40, 41). Two char-
acteristic roughness lengths (17 and 30 cm) were used to calculate maximum
wave shear stresses, representing the upper and lower limits of vegetation
conditions (37–40). Calculations weremade at seven sites on either side of the
Terre aux Boeuf distributary (see SI Text B and Table S2).
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