
V
M
s

J
J
a

b

c

d

e

f

a

A
R
R
2
A
A

K
P
W
S
C
S
M

1

o
i
w
0
m
E
e

0
d

Ecological Engineering 37 (2011) 229–240

Contents lists available at ScienceDirect

Ecological Engineering

journa l homepage: www.e lsev ier .com/ locate /eco leng

egetation death and rapid loss of surface elevation in two contrasting
ississippi delta salt marshes: The role of sedimentation, autocompaction and

ea-level rise

ohn W. Daya,∗, G. Paul Kempb, Denise J. Reedc, Donald R. Cahoond, Roelof M. Boumanse,
oseph M. Suhaydaf, Robert Gambrell a

Dept. of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, LA 70803, United States
National Audubon Society, 6160 Perkins Rd., Baton Rouge, LA 70808, United States
Dept. of Geology, University of New Orleans, New Orleans, LA 70148, United States
USGS Patuxent Wildlife Research Center, 10300 Baltimore Ave, Beltsville, MD 20705, United States
Gund Institute for Ecological Economics, University of Vermont, Burlington, VT 05405, United States
Hurricane Center, Louisiana State University, Baton Rouge, LA 70803, United States

r t i c l e i n f o

rticle history:
eceived 19 May 2010
eceived in revised form
7 September 2010
ccepted 6 November 2010
vailable online 14 December 2010

eywords:
eat collapse
etland loss

ubsidence
ompaction
oil strength

a b s t r a c t

From 1990 to 2004, we carried out a study on accretionary dynamics and wetland loss in salt marshes
surrounding two small ponds in the Mississippi delta; Old Oyster Bayou (OB), a sediment-rich area near
the mouth of the Atchafalaya River and Bayou Chitigue (BC), a sediment-poor area about 70 km to the
east. The OB site was stable, while most of the marsh at BC disappeared within a few years. Measurements
were made of short-term sedimentation, vertical accretion, change in marsh surface elevation, pond wave
activity, and marsh soil characteristics. The OB marsh was about 10 cm higher than BC; the extremes of
the elevation range for Spartina alterniflora in Louisiana. Vertical accretion and short-term sedimentation
were about twice as high at BC than at OB, but the OB marsh captured nearly all sediments deposited, while
the BC marsh captured <30%. The OB and BC sites flooded about 15% and 85% of the time, respectively.
Marsh loss at BC was not due to wave erosion. The mineral content of deposited sediments was higher at
OB. Exposure and desiccation of the marsh surface at OB increased the efficiency that deposited sediments
were incorporated into the marsh soil, and displaced the marsh surface upward by biological processes
ississippi delta like root growth, while also reducing shallow compaction. Once vegetation dies, there is a loss of soil
volume due to loss of root turgor and oxidation of root organic matter, which leads to elevation collapse.
Revegetation cannot occur because of the low elevation and weak soil strength. The changes in elevation
at both marsh sites are punctuated, occurring in steps that can either increase or decrease elevation. When
a marsh is low as at BC, a step down can result in an irreversible change. At this point, the option is not
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. Introduction

Coastal scientists and managers are trying to assess the scale
f impacts from accelerated sea-level rise due to global warm-
ng. Average eustatic sea-level rise (ESLR) for the 20th century

as 0.1–0.2 cm year−1 (Gornitz et al., 1982) and is currently nearly

.4 cm year−1 (FitzGerald et al., 2008). The IPCC (2007) forecast a
ean rise of about 40 cm by 2100, but recent reports suggest that

SLR will be a meter or more by 2100 (Rahmstorf, 2007; Pfeffer
t al., 2008; Vermeer and Rahmstorf, 2009).
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arsh with massive sediment input either from the river or via dredging.
© 2010 Elsevier B.V. All rights reserved.

High rates of relative sea level rise (RSLR) are part of the clas-
ic geological model for natural delta evolution developed during
he 1950s and 1960s from analysis of the Mississippi River delta
Roberts, 1997; Syvitski et al., 2009). This model considered both
SLR and local subsidence. The Mississippi River deltaic plain
xpanded in surface area over most of the past 5000 years when
SLR was relatively low as new channels supplied sediment to
hallow water bottoms and nourished existing marshes at a rate
hat more than offset losses (Day et al., 2007). As is true for deltas

orldwide, sediment retention by dams and hydrologic alterations
ithin the Mississippi River delta restrict the supply of river sedi-
ent to wetland surfaces at the same time that enhanced ESLR is

ncreasing RSLR (Blum and Roberts, 2009; Syvitski et al., 2009). As
result, deltaic wetlands world-wide are threatened as ESLR accel-
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ig. 1. Site map showing the two study sites at Old Oyster Bayou (OB) and Bayou Ch
deteriorating marsh that receives no direct riverine input. The pond at BC opened
nd associated measurements in the marsh.

rates (Day and Templet, 1989; Day et al., 2007; Pont et al., 2002;
ornqvist et al., 2008; Vörösmarty et al., 2009).

Coastal wetlands are deteriorating in the Mississippi River delta
t a catastrophic rate that is leading to ecosystem collapse (Boesch
t al., 2006; Day et al., 2007; Tornqvist et al., 2008; Blum and
oberts, 2009; Shaffer et al., 2009b). On a geological scale, the
attern of land loss is largely consistent with the classic delta evo-

ution model, but the rate of loss is now strongly affected by human
lterations. In response, Mississippi River water is currently being
eintroduced to the deltaic plain rather than being allowed to flow
nto deep water of the Gulf of Mexico (Day et al., 2007, 2009).

A number of interrelated impacts cause wetland loss includ-
ng saltwater intrusion, physical erosion, hydrological disruption
ue to canals, lack of river input due to levees, and peat collapse
Baumann et al., 1984; Boesch et al., 1994; Turner, 1997; Day et al.,
000, 2007; Shaffer et al., 2009a). Marsh deposition of resuspended
ediments plays an important role in countering RSLR (Baumann
t al., 1984; Cahoon et al., 1995a; Reed et al., 2006). This contribu-
ion to marsh accretion can be greatly reduced by dredged canals,
poil banks and water control structures that are found through-
ut the delta (Boumans and Day, 1994; Cahoon, 1994; Reed, 1992;
eed et al., 2006). Some have proposed that high concentration of
utrients, particularly dissolved nitrogen, in the river may reduce
he capacity of some highly organic marshes to respond to RSLR

y increasing the rate of belowground decomposition (Swarzenski
t al., 2008).

In the early 1990s, we initiated a multi-disciplinary study to
etermine the causes of wetland loss in two salt marsh (Spartina
lterniflora) sites in the Mississippi delta, one with high riverine

i
1
o
t
e

(BC). OB is a stable marsh affected by the discharge of the Atchafalaya River. BC is
gnificantly during the study. SETs show locations of the sediment elevation tables

nput and one without (Roberts, 1994; Day et al., 1994). Some
bservations made during this study were not published or are
vailable only in technical reports or in proceedings no longer read-
ly accessible (Day et al., 1994; Kemp et al., 1999).

We hypothesized that (1) marsh loss remote from river sedi-
ent sources was a result of excessive waterlogging caused by a

ong-term accretion deficit rather than wave shear stress on the
dge or surface of the marsh and (2) marshes with adequate sup-
lies of river sediment were not subject to such waterlogging stress.
o test these hypotheses, we conducted field measurements and
eveloped a conceptual marsh elevation model that incorporated
ore detail of below ground dynamics.

. Site description

Two S. alterniflora marshes with differing riverine influence
ere selected (Figs. 1 and 2). Old Oyster Bayou (OB), which is

0 km from the mouth of the Atchafalaya River, receives large direct
nputs of suspended clays from the river. Frontal passages regu-
arly increase total suspended solids (TSS) levels in adjacent bays
o 500 mg l−1 or more (Perez et al., 2000). The area is characterized
y delta formation at the river mouths and low rates of wetland

oss in nearby marshes (Britsch and Dunbar, 1993). Bayou Chitigue
BC) about 70 km to the east receives no direct fluvial sediment

nput and the BC region has high wetland loss (Britsch and Dunbar,
993). Both study sites are micro-tidal with an astronomical tide
f about 30 cm, though wind-forced excursions of two to three
imes this range commonly occur during cold front passage (Perez
t al., 2000). Areas with altered hydrology due to canal construction
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ig. 2. Photos of the two study sites. The Old Oyster Bayou (OB) pond was stable du
pened up considerably by 1995 and the pond and surrounding marsh had disappea
n the 1992 photo of OB.

nd spoil placement can affect sedimentation dynamics (Swenson
nd Turner, 1987). However, there were no canals at either site, so
hat altered hydrology did not affect marsh surface dynamics and
etland loss during the study.

OB is a firm, healthy marsh with a continuous vegetation cover
nd almost no exposed mud surface. The pond has been a sta-
le landscape feature since the 1940s (Britsch and Dunbar, 1993)
nd continues to be so. The BC area had rapid wetland loss in the
econd half of the 20th century (Britsch and Dunbar, 1993) and
ost of the marsh at the study site deteriorated early in the study.
dditional information on wetland loss at the sites is given by
orton et al. (2002, 2003, 2005). The BC marsh is hummocky with

onsiderable exposed mud. Digital Global Position System (DGPS)
easurements showed that the OB marsh was about 10 cm higher

han the BC marsh, which was near mean sea level (Day et al.,
994). The BC and OB marshes were flooded for about 85% and
5% of the time, respectively (Wang, 1994; Wang et al., 1993) and
urrent velocities in the marsh were never sufficient to resuspend
urface sediments (Wang, 1994). On August 25, 1992, Hurricane
ndrew, with sustained winds of 200 km h−1, passed over the two
ites (Cahoon et al., 1995a).

Each site was located between a small pond about 50 m in diam-
ter (<1.0 ha) and a tidal channel (bayou) about 30–40 m wide. Each
ond was connected by a small creek to the bayou that was in
urn connected to a nearby large, shallow bay. The depth of the
onds was 30–40 cm. The hydrology of these sites is described by
ang et al. (1993) and Wang (1994). At each site, boardwalks were

onstructed from bayou to pond to allow access while minimizing
arsh disturbance. Boardwalks were also constructed in the marsh

or 30–40 m parallel to and about 3 m from the pond edge.
. Methods

Measurements were made of hydrodynamics, vegetation,
edimentation dynamics, and soil geotechnical characteristics.

d
W
g
w
a

he study and remained a landscape feature in 2008. The Bayou Chitigue (BC) pond
2008. Note: Orientations differ in the photos. The location of board walks is visible

bservations of the marsh edge and vegetation were made during
eld sampling.

.1. Water level, wave, and suspended sediment measurements

Arrays of instruments were placed in the ponds to assess dif-
erences in the concentration and organic matter composition of
ne-grained sediments reaching each site, and to determine the
elative importance of local wave energy in driving marsh loss asso-
iated with pond expansion. Each array consisted of a wind sensor
laced 1 m above marsh elevation and atmospherically compen-
ated pressure sensors located in the pond linked to a Campbell
cientific CR-10 data-logger. These arrays were used to obtain
ind, wave and water level data (Day et al., 1994). The pressure

ensors were each placed at the sediment water interface about
m apart, one located within a meter of the pond margin, while

he other was closer to the center of the pond where the water
epth was about 20 cm greater. During each experiment, data
ere obtained in 4.26 min bursts at a sampling rate of 4 Hz. Auto-

amplers collected water samples in the ponds about 3 m from
he marsh edge for up to 48 h before the start of wave data col-
ection. Each water sample was filtered through pre-combusted,
re-weighed Whatman 2.5 cm glass fiber filters that were dried for
4 h at 55 ◦C for gravimetric determination of TSS concentration
Banse et al., 1963). The filters were combusted for 3 h at 550 ◦C
nd reweighed to obtain the organic matter content. Synoptic wind,
ave, water level and suspended sediment data were acquired in

992, 1993 and 1994 from the BC pond on 13 days and at the OB
ond on 15 other days for a total of 191 datasets. Total wave energy
nd frequency were extracted from spectra generated from each

e-trended pressure record to provide an analog of bed shear stress.
ave height was not measured directly, but waves with amplitude

reater than 5 cm were never observed in the ponds. Paired t-tests
ere used to compare TSS and percent organics from the marsh

nd pond margin at both sites. Additionally, regression analyses
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ere performed to determine relationships between water level
nd TSS at the pond margin, and TSS and percent organic matter in
uspended sediment (SAS Institute Inc., 1991).

.2. Sediment deposition, vertical accretion and elevation change

Surface sediment traps were used to measure short-term sed-
ment deposition (STD) to assess the role of short-term flooding
vents in delivering sediment to the marsh surface (Reed, 1989,
992). The sediment traps were placed along the boardwalks
etween the bayou and the pond and collected approximately bi-
eekly from February 1992 to September 1993 at both BC and
B. Seasonal marsh surface sediment accretion was determined
sing feldspar marker horizons (Cahoon and Turner, 1989) placed
t BC in September 1990 and at OB in August 1991. The mark-
rs were sampled approximately semi-annually until August 1993.
hanges in the elevation of marsh and pond sediment surfaces
ere determined using a surface elevation table or SET, which is

apable of measuring elevation changes of 1–2 mm (Cahoon et al.,
002). SET stations were installed at BC in September 1990 and
t OB in August 1991, and elevation change was measured at the
ame times as accretion over the marker horizons. Two replicate
ET stations were placed in three locations, in the marsh about
idway between the pond and bayou, about 2 m from the pond

dge, and in the center of the pond. Three marker horizons were
laced randomly in the vicinity of each marsh SET station. Paired
-tests were used to compare marsh elevation, STD and elevation
hange at SET station from the two sites. Regression analyses were
erformed to determine relationships between elevation and sed-

ment deposition, and mean water level and sediment deposition
SAS Institute Inc., 1991). Following the intensive measurements in
990–1993, the SETs were re-measured periodically over the next
ecade to detect longer-term changes in marsh elevation. Regres-
ion analyses produced a linear fit of change in elevation over time
hat yielded the rate of elevation change. Two periods were ana-
yzed: short term (December 1990–July 1993 for BC and October
991–July 1993 for OB) and long term (December 1990–April 2004
or BC and October 1991–July 2004 for OB).

.3. Soil geotechnical measurements

Two types of measurements were made at each site. A portable,
lectrically-driven Dutch cone penetrometer (PEP, Are et al., 2002)
as used mid-way between the pond and the bayou to obtain a
rofile of cone resistance and percent moisture content of the upper
m of the substrate. Then, to characterize the upper 25 cm of the

ooted zone, 8-cm diameter cores, 30 cm long, were collected from
he marsh between the bayou and the pond along transects parallel
o the boardwalk. Four cores were collected from the BC site at
0, 20, 60 and 80 m from the bayou, and five from OB at 5, 10,
0, 40 and 45 m from the bayou. Cores were slowly pushed into
he soil by hand, while roots were cut along the outside to reduce
ompaction. The top and bottom were capped prior to withdrawal.
he cores were sliced longitudinally and one half was tested for fall
one strength (Mullins and Fraser, 2006). The remaining half was
ut into 5 cm slices, weighed to establish moisture content, then
ried at 55 ◦C, weighed again to determine bulk density, and finally
ombusted at 550 ◦C for 24 h for the percent organic matter. Specific
ravity was calculated assuming specific gravities for inorganic and
rganic components of 2.61 and 1.14, respectively (Callaway, 1994;

eLaune et al., 1983). The void ratio, which is dimensionless, is
alculated as:

= Vv

Vs
=

(
Gsgw

Ws

)
− 1 (1)

m
w
o
p
e

ering 37 (2011) 229–240

here Vv and Vs are the volumes of the soil voids and solids, respec-
ively, Gs is specific gravity, gw is the unit weight of water (1 g cm−1)
nd Ws is the dry unit weight or bulk density of the soil (g cm−3)
Dunn et al., 1981). More details of these measurements are given in
ay et al. (1994). Paired t-tests were used to compare bulk density,
ercent organic matter, specific gravity, and void ratio measure-
ents from the two sites (SAS Institute Inc., 1991).
We calculated the void volume due to different soil components

sing an equation derived from Rybczyk and Cahoon (2002) by
reating near-surface expansion and contraction of void space as
proxy for biological activity in the rooting zone including below-
round plant root production and decomposition. Any increase in
arsh surface elevation with respect to mean sea level, ELMSL, is

hen a function of the addition of mineral (Sm), organic (So) and
oid (Sv) components of the annual accretion, and any expansion
f void space caused by rooting and other biological processes (Sr)
n the upper 25 cm of the marsh. These terms are in cm year−1.

dELMSL

dt
= Sm + So + Sv + Sr + C0–25 + C25–300 + D + ESLR (2)

The last four terms of Eq. (2) have a negative sign and cause the
arsh surface to sink or subside relative to sea level. Consolidation

s divided into three depth intervals; loss of void space in the upper
5 cm rooting zone (C0–25), consolidation between the root zone
nd the 3 m deep base of the SET (C25–300) that was profiled by the
EP, and finally sinking caused by deep geological subsidence (D).
esults of calculations based on this equation are given in Table 3
nd more details can be found in Kemp et al. (1999).

. Results

.1. Marsh morphology and surface elevation

Vegetated marsh cover at BC decreased dramatically during the
tudy while the OB marsh remained stable. During the winter of
991–1992, the eastern shore of the BC pond retreated by 2–3 m.
fter Hurricane Andrew transited the study area in August 1992,

he pond at BC was gradually engulfed by a larger water body to the
orth (Fig. 2). This expansion followed vegetation death not only
round the pond edge but also along the margins of the small chan-
el connecting the pond with the bayou and between the bayou
nd the pond. At OB, however, little change was recorded in pond
epth, shore position, and vegetation cover in the same period.
erial imagery from 2008 showed that the pond at OB has remained
table but at the BC site, the pond has disappeared into open water
hile all that remains of the marsh is a thin strip along the bank of

he bayou.
Marsh surface elevation changes were consistent with observed

hanges in marsh morphology. All SET stations at BC except that
onitoring the pond bottom, which was stable, showed fluctua-

ions in excess of 6 cm during the 3 years of intense monitoring
Fig. 3a). Elevation at the interior marsh station rose more than
cm in the interval that included Hurricane Andrew, but all of

his gain was gone a year later. The BC pond edge site, originally
stablished 1 m from the edge of the pond lost nearly 8 cm over the
inter of 1991–1992, and by March 1992 was no longer vegetated

nd was part of the bottom of the expanded pond, about 2 m from
he retreating marsh edge. SET stations at OB for the same period
howed a slight deepening of the pond, an initial 2 cm increase in

arsh surface elevation associated with Hurricane Andrew that
as reduced by half in the following year but still resulted in an

verall increase that persisted for the remainder of the study. The
ond margin did not retreat at OB but the pond edge marsh site
xperienced an overall loss in elevation of 2 cm (Fig. 3b).
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ig. 3. Mean marsh surface elevation change (±St. Dev.). (a) Bayou Chitigue. (b) Old
yster Bayou.

.2. Marsh flooding patterns

The OB and BC sites were flooded about 15% and 85% of the time,
espectively, suggesting that the BC marsh is near local sea level
Fig. 4). The BC marsh had 187 flooding events in 1993 (some up to
0 cm) and was never dry for more than 10 days. The OB marsh had

ess than half the flooding events, rarely was inundated to a depth

f greater than 25 cm, and was exposed at times for more than 30
ays. The OB marsh was regularly inundated only during spring
ides during the two Gulf high stands of sea level from April to June
nd September through October, and was flooded in the winter
nly during cold fronts. The spring water level maximum overlaps

t
m
w
1
t

ig. 4. Water levels at the two sites during 1993. Upper graph is Old Oyster Bayou (OB),
as flooded about 15% of the time (from Wang, 1994).
ering 37 (2011) 229–240 233

aximum water and sediment discharge of the nearby Atchafalaya
iver and provided an opportunity for deposition of river sediments
t OB. The BC marsh drained on only one occasion to more than
0 cm below the marsh surface, while the OB marsh commonly
rained this low and at one point drained to nearly 20 cm below
he surface.

.3. Short-term sediment deposition and vertical accretion

Both short-term sediment deposition (STD) and accretion were
igh at both sites with higher values at BC (Fig. 5, Table 1). Verti-
al accretion, H, measured above the marker layers was greater
han 2 cm year−1 at both sites but was nearly twice as high at
C than at OB, though this did not represent a significant differ-
nce. This indicates that the BC marsh breakup was not caused by
ack of sediment input or an accretion deficit. Feldspar horizons
ecame more difficult to locate in BC plots where death of individ-
al marsh plants resulted in the appearance of bare mud between

iving culms. Where horizons could be found, the white clay was
cattered through the upper 10–15 cm of the soil column suggest-
ng that a mixing of the upper soil column accompanied marsh
reakup.

Short-term sediment deposition (STD) was 2.5 times greater at
C than OB (1.83 g m−2 day−1 vs 0.73 g m−2 day−1 at BC and OB).
TD was highly variable with peak rates over two orders of magni-
ude greater than the lowest rates (Fig. 5). The highest rates of STD
uring the study were observed at both sites during the fall follow-

ng Hurricane Andrew and during the spring high sea level stand
he next year. Although sediment collection pads were lost at BC
uring Hurricane Andrew, the highest STD rates found at any time
uring the study at OB occurred in the interval that included the
urricane. Distance from pond margin had no influence on the rate
f sediment deposition, but deposition was positively and signifi-
antly correlated with mean water level during collection intervals
t both sites (Fig. 6). Deposition was also positively and signifi-
antly correlated with elevation at OB (p = 0.05, R2 = 0.40), though
here was no correlation at BC.

.4. Waves and sediment concentrations

Water depths in the ponds ranged from 0 to 50 cm at the pond
argin sensor, and from 9 to 64 cm at the sensor located closer
o the center. The highest wind speed recorded at 1 m above the
arsh surface at either site during intensive sampling was 5 m s−1,
hich corresponds to an estimated speed of 8 m s−1 at the standard

0 m level. The 50 m fetch limited the frequency and size of waves
o small ripples that were essentially deep-water waves. The wave

lower graph is Bayou Chitigue (BC). BC was flooded about 85% of the time and OB
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Fig. 5. Short-term sedimentation patterns

ecords were examined to see whether an intrusion of lower fre-
uency and perhaps larger waves from outside the pond system
ccurred when the marsh surface was flooded. We did not observe
uch intrusion on high tides. After Hurricane Andrew, however,
hen the BC pond opened up rapidly along the north side, waves

ith frequencies between 1 and 2 Hz were recorded, providing the
ighest energy conditions monitored. Total suspended sediment
TSS) concentrations in the ponds ranged from 10 to 200 mg l−1 at
C and from 20 to 400 mg l−1 at OB. Mean TSS concentration in the
B pond (107 mg l−1) was higher than at BC (67 mg l−1) (Table 1,

O
i
w
c
i

able 1
ummary results for Bayou Chitigue and Oyster Bayou. See text for additional informatio

Bayo

Marsh elevation, E (cm, msl)* 3.5 (5
Short-term sediment deposition, STD (g cm−2 year−1)* 1.83
Suspended sediment in pond

Mean TSS conc. (mg l−1) 67 (3
Percent organic* 34 (1

Rates of elevation change from SET, ESET (cm year−1)
Short term*

Marsh 0.1
Edge −2.0
Pond −0.7

Long term
Marsh 0.8
Edge −0.3
Pond −2.1

Marker layer accretion, H (cm year−1) 3.44

alues in parentheses are ±1SE.
* Significant difference between sites (p < 0.01).
ou Chitigue (a) and Old Oyster Bayou (b).

ig. 7). A background level of about 30 mg l−1 of organic suspended
aterial was present in all TSS samples from both ponds, but any

ncrease in concentration above this threshold was attributable
o mineral sediments. Predominantly mineral TSS concentrations
bove 150 mg l−1 were frequently observed in samples from the

B pond but not at BC (Fig. 7). Additionally, a significant positive

nteraction was found between water level and TSS concentration,
ith 51% of the variation being explained. At OB, TSS was signifi-

antly negatively correlated with the percentage of organic matter
n the suspended sediment. This is because when TSS levels are

n on sampling periods and techniques.

u Chitigue Old Oyster Bayou

.0) 12.4 (2.0)
0.73

3) 107 (75)
1) 30 (11)

0.6
−1.3

0.0
−0.1

(1.54) 2.06 (0.83)
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at OB than BC (Table 2).

Surface sediment in the upper 5 cm at OB was significantly
higher in bulk density (p < 0.01) and lower in organic matter
(p < 0.05) than at BC, and was significantly higher in this respect
from samples collected at greater depths through the rooting zone
Fig. 6. Relationship between sediment

ery high, they have a much higher mineral content reflecting the
iverine source.

.5. Soil geotechnical properties

Dutch cone penetrometer (PEP) resistance, a measure of soil
trength, was lowest at the surface at BC (100–300 g cm−2) than at
ny other depth, while the opposite was true at OB (Fig. 8), where
esistance at the surface was much higher (1000–1400 g cm−2).
ight below the zone of active root growth sampled in the cores, at
depth of approximately 35 cm, resistance dropped to its lowest

alue in profiles from each site, 200 and 400 g cm−2 at OB and BC,

espectively. Below the rooted sod, resistance increased with depth
t about the same rate to the maximum depth (1.8 m) penetrated,
ndicating that similar sediments with similar loading histories
nderlie both marsh sites, and that they are normally consolidated.
oisture content at BC was highest in the upper 60 cm of the profile,

ig. 7. Organic matter content of suspended sediments in the two salt marsh ponds
s a function of total suspended sediment (TSS) concentration.

F
u

ition and water levels at the two sites.

here it averaged 450% of the dry solids, but, again, this pattern was
eversed at OB, increasing from 300% in the upper 60 cm to more
han 600% below this point. Soil strength as measured by the fall
one penetrometer was more than an order of magnitude greater
ig. 8. Dutch cone penetrometer resistance and percent moisture at BC and OB for
pper 1.8 m.
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Table 2
Soil properties at Bayou Chitigue and Oyster Bayou.

Bayou Chitigue Oyster Bayou

Bulk density (g cm−3) 4 cores 5 cores
0–5 cm** 0.23 (0.05) 0.38 (0.09)
5–10 0.24 (0.07) 0.25 (0.03)
10–15 0.20 (0.05) 0.22 (0.06)
15–20 0.21 (0.07) 0.27 (0.04)
20–25 0.23 (0.05) 0.23 (0.06)

Avg.** 0.22 (0.06) 0.27 (0.06)
Void ratio 4 cores 5 cores

0–5 cm* 9.53 (2.12) 5.54 (1.56)
5–10 8.88 (2.04) 7.71 (0.89)
10–15 10.45 (2.18) 10.04 (2.98)
15–20 10.09 (2.79) 7.49 (1.16)
20–25 9.03 (1.56) 9.06 (2.15)

Avg.** 9.60 (2.14) 7.97 (1.75)
Percent organic 4 cores 5 cores

0–5 cm* 18.15 (2.00) 13.68 (2.70)
5–10 21.40 (4.59) 24.70 (3.85)
10–15 23.83 (5.65) 18.40 (4.01)
15–20 23.03 (5.26) 19.62 (4.74)
20–25 22.03 (4.72) 21.42 (7.24)

Avg.* 21.69 (4.45) 19.56 (4.51)
Percent water, PW 2 cores 2 cores

0–5 cm 472 (90) 242 (84)
5–25 323 (149) 170 (86)

Fall cone strength of upper
50 cm (kPa)**

2 cores 2 cores
0.55 (0.54) 9.63 (1.11)

H2S, mg l−1 37–82 12–13
Eh, mv upper 25 cm −120 −85
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* Significant differences between sites indicated by p < 0.05.

** Significant differences between sites indicated by p < 0.01.

t both sites (Table 2). Differences between the sites at depths
elow the upper 5 cm were not significant. The dried soil weight
ontributed by organic matter averaged about 20% at both sites,
hich is typical of Mississippi River delta salt marsh soils. Water

ontent determined gravimetrically was consistent with values
rom the PEP profile, ranging from 150 to 300% of dry weight at
B and twice this at BC. The moisture content can be greater than
00%, when the water trapped in the wet soil is greater than the
eight of the dry solids.

Small differences in specific gravity and bulk density translate
nto larger differences in the void ratio, e. Void ratios ranged from
to 15 at OB and from 6 to 13 at BC (Table 2). The mean void ratio

or sediments from the upper 5 cm at BC was nearly twice that at
B (p < 0.05), and was 1.2 times greater for the upper 25 cm. Void

atio increased from the surface to about 15 cm at OB in the zone
f active root growth and then dropped off, while BC showed less
ariation with depth. However, the mean void ratio, 9, at a depth
f 20–25 cm, was the same at both sites. Voids, whether within or
utside of roots, in a marsh soil with a void ratio of 9, contribute
0% of total soil volume. Total void volume was greater at BC than
B, but the volume due to roots was higher at OB (Table 3). Shear

trength at OB was stronger by a factor of 10 than at BC (Table 2).
The bulk density, Ws, of the upper 5 cm at both sites can be used

o assess whether the short-term sediment deposition rate (STS,
able 1) summed over a year provides a reliable predictor of both
easured accretion (H) and of the composition of the uppermost

ortion of the marsh soil deposit. A vertical accretion rate can be
redicted from the mean annual STS input using the bulk density
Ws) of the upper 5 cm, as:
= STS
Ws (0–5 cm)

(3)

calculated at BC using Eq. (3) was 8 cm year−1 while measured
ccretion amounted to only 43% of this value (3.44 cm year−1). In

2
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ontrast, the STS based value at OB was almost identical to the mean
easured accretion rate of 2.06 cm year−1 (Tables 1 and 2). This

ndicates that more than half of the sediment volume deposited at
C did not get incorporated into the marsh deposit, while the OB
arsh captured nearly all of this material.

. Discussion

Since the initial study in 1991–1993, the OB marsh has remained
table, while the BC marsh and pond have mostly disappeared.
hus, we reanalyzed the original data in an effort to understand
he differences between the sites.

We chose the BC site because it was close to the lower limit
f its elevation range (McKee and Patrick, 1988) and early in the
tudy we observed the beginning stages of marsh breakup. Marsh
urface elevation at BC hardly increased at a sufficient rate to offset
ny relative sea level rise rate greater than zero, even though it
eceived sediment at more than twice the rate at OB because of
igher frequency and duration of flooding at BC. This was true even
hough the mean TSS concentration at BC was less than 70% of OB.

hile accretion over the marker layer was nearly twice that at OB,
he BC marsh permanently retained less than half of the sediment
vailable to it. The OB marsh retained virtually all of the smaller
ediment input and elevation gain is about equal to RSLR. In the
ollowing paragraphs, we develop these ideas in more detail.

.1. Marsh surface elevation change

Our values for surface elevation change (Table 1) are similar
o rates at OB and BC measured independently at nearby stations
etween 1992 and 1994 (Rybczyk and Cahoon, 2002). Nyman et al.
1993) and DeLaune et al. (1994) also reported about 10 cm ele-
ation loss in the interior of the marsh at BC in 1992–1993 using
eveling and 137Cs dating, which was similar to our findings. Nyman
t al. (1995) killed marsh clumps with an herbicide and measured
loss in elevation over 2 years. They also reported that physical

emoval or erosion in the months following collapse of sediments
as not significant as the entire 137Cs inventory in the upper 50 cm

f the initial soil column was retained after the collapse. Over the
onger term, with the loss of vegetation that is critical in holding
he marsh together and the opening up of the area, waves and cur-
ents lead to export of soil material as has been noted by Wilson
nd Allison (2008).

Other characteristics at BC suggested that a rapid drop in ele-
ation plays an important role in marsh loss. The marsh substrate
t BC was extremely fluid and much of the vegetation occurred
s clumps floating on a base of fluid, muddy soil. Isolated clumps
ould be picked up out of the mud. The clumps had a dense root
at 15–20 cm wide and 20–30 cm deep. After vegetation death and

oss of elevation, remnants of the clumps were still present float-
ng in the surface of the mud, as smaller masses with roots and
hoots only a few cm in length, indicating decomposition of the root
ass.
The widespread presence of a white film of Beggiatoa spp. on the

urface of the marsh and exposed mud areas was observed at BC but
ot at OB. Beggiatoa is a chemoautotrophic bacterium that uses the
xidation of reduced sulfur as an energy source. The widespread
resence of Beggiatoa indicates a high level of anaerobic decompo-
ition via sulfate reduction. Roques (1996) reported that the upper

5 cm of soils at BC were more reduced and had higher levels of
2S than soils at OB. At BC, Eh averaged −120 mv with H2S ranging

rom 38 to 72 ppm. Values at OB averaged −85 mv for Eh, and H2S
anged from 12 to 13 ppm. The level of H2S at BC exceeded that
hich causes stress and growth reduction in S. alterniflora, while
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Table 3
Effects of void volume changes with depth on thickness of accreted layer for a constant rate of mineral sediment input (H is the measured change in surface elevation; Sm,
So, Sv, and Sr are the calculated contributions to elevation change due to dry mineral, organic material, void space, and root growth in each soil layer). C0–25 is the calculated
compaction in the upper 25 cm.

Depth %Org Bulk density (g cm−3) Void ratio Sm (cm year−1) So (cm year−1) Sv (cm year−1) Change (+) = Sr

(−) = C0–25 (cm year−1)
H (cm year−1)

Oyster Bayou (Hsurface = 2.06 cm year−1, Sm = 0.259 cm year−1)
0–5 13.68 0.38 5.54 0.259 0.094 1.707 0.000 2.060
5–10 24.70 0.25 7.71 0.259 0.170 2.376 0.744 2.804
10–15 18.40 0.22 10.04 0.259 0.126 3.094 0.675 3.479
15–20 19.62 0.27 7.49 0.259 0.135 2.308 −0.777 2.702
20–25 21.42 0.23 9.06 0.259 0.147 2.792 0.496 3.198

Mean 19.56 0.27 7.97 0.259 0.134 2.455 0.228 2.849
Bayou Chitigue (Hsurface = 3.44 cm year−1, Sm = 0.410 cm year−1)

0–5 18.15 0.23 9.53 0.410 0.208 2.822 0.000 3.440
5–10 21.40 0.24 8.88 0.410 0.245 2.629 −0.155 3.285

0
0
0
0

t
a

d
a
r
b
d
b
m

5

w
t
(
i
s
T
w
o
i
T
t
o
r
F
F
w
m
T

s
t
g
r
g
l
a
e
c
H
s
s

5

s
f
m
t
m
a
s
T
o
i
a
t
(
i
r
g
a

p
a
a
i
F
b
t
s
i
B
l

a
n
l
a
w
i
w
a

10–15 23.83 0.20 10.45 0.410
15–20 23.03 0.21 10.09 0.410
20–25 22.03 0.23 9.03 0.410

Mean 21.69 0.22 9.60 0.410

he lower levels at OB are generally below that threshold (Webb
nd Mendelssohn, 1996; McKee et al., 2004).

About 90% of accretion during the study period at OB occurred
uring the passage of Hurricane Andrew while the hurricane
ccounted for 38% at BC (Cahoon et al., 1995a). Cahoon et al. (1995a)
eported 98% recovery of marker horizons from intact marsh at
oth sites, indicating that physical erosion of the vegetated surface
oes not generally occur, even during hurricanes. Where marsh
reakup occurred, however, the horizons were lost suggesting that
ixing of the upper soil column was occurring.

.2. Short-term deposition

Rates of STD found in our study were highly variable but are
ithin the range of values reported by Wang (1994) for sedimen-

ation during individual tidal cycles from both sites and by Reed
1992) for other sites in coastal Louisiana. Wang also reported that
norganic sediments deposited at OB consisted of more than 50%
and and silt (>2 �m), while those at BC contained less than 30%.
he sands and silts were deposited mostly near the bayou bank,
hile more clay was deposited inland. The high variability in rates

f STD reflects both concentrations of total suspended sediments
n the water column and the degree to which the marsh is flooded.
his high variability reflects the high variability of the processes
hat affect the concentration. The highest concentrations of TSS
ccur during energetic events, mainly frontal passages and hur-
icanes (Baumann et al., 1984; Reed, 1989, 1992; Cahoon, 1994).
or example, Perez et al. (2000) reported that TSS concentrations in
ourleague Bay (about 2 km from the OB site and the main source of
ater and sediments to the site) during frontal passages was com-
only greater than 500 mg l−1 and sometimes nearly 2000 mg l−1.

hese storms also lead to increased flooding of marshes.
These results indicate that sediment deposited on the marsh

urface comes from the bayou rather than from the pond bot-
om. Cahoon et al. (1995b) found, like us, that surface elevation
ain closely followed vertical accretion at OB, while the higher
ate of vertical accretion at BC resulted in relatively little elevation
ain. The high variability of STD was associated with high water
evel events such as hurricanes, frontal passages and river floods
s reported by others (Baumann et al., 1984; Reed, 1992; Cahoon

t al., 1995a). This indicates the importance of sediments mobilized
o-incident with high water levels. At OB, the influence of both
urricane Andrew and the Atchafalaya River are apparent in this

ediment-rich basin, showing that proximity to a fluvial sediment
ource influences marsh surface sediment deposition.

t
t
e
1
t

.273 3.094 0.493 3.778

.264 2.988 −0.116 3.662

.253 2.674 −0.325 3.336

.249 2.841 −0.021 3.500

.3. Soil geotechnical properties

Bulk density and percent organic matter at the two sites were
imilar to those measured by Nyman et al. (1993). The main dif-
erence between the sites was in the upper 5 cm (Table 2). Salt

arsh soils consolidate and gain strength through desiccation at
he surface, and at greater depths in response to loading. Sedi-

ents settling out of the water column are thus transformed from
mobile fluid mud with the potential to flow off of the marsh

urface into a soil layer that bonds with that pre-existing surface.
hese processes decrease void space, which contributes up to 90%
f the volume of the marsh soils. However, biological activities tak-
ng place immediately below the surface, especially root growth
nd burrowing by organisms, provide a new structure or matrix
hat can then increase void volume without diminishing strength
Tables 2 and 3). Thus, the decrease in void volume at the surface
s countered by increase in void volume below the surface due to
oot growth and other biological processes (Table 3). At BC, root
rowth below the surface merely invades water filled voids, while
t OB these biological activities create new void space.

Desiccation and drainage depend, like sedimentation, on the
osition of the marsh surface in the tidal range. Surface soils in
higher marsh like OB experience drying to greater depths as was
pparent in the penetrometer profiles (Fig. 8). Deeper drainage
ncreases the load on soils below the tidal frame in two ways.
irst, the thickness of the drained soil column uncompensated by
uoyancy is increased, but second, tidal drainage is incomplete so
he weight of water trapped above the saturated zone contributes
ignificantly to the load that must be supported. Drainage and des-
ccation act to reduce void space and so contribute to settlement.
ut they also build strength, which is the ability to resist subsequent

oads without deformation or settlement.
Autocompaction is a function of position within the tidal frame

nd the loading history (Pizzuto and Schwendt, 1997). If soils are
ormally consolidated, they support without settling only those

oads to which they have already been subjected. In this way,
soil layer becomes stronger as it is subjected to greater loads,
hich generally occurs with age and depth of burial. Marsh soils

n the Mississippi delta grow upward as a response to relative
ater level rise, so that the upper few centimeters represent only
few years of accumulation. Numerous authors have reported on
his upward growth which leads to elevation gain and the ability
o withstand relative sea-level rise (DeLaune et al., 1983; Hatton
t al., 1983; Baumann et al., 1984; Cahoon, 1994; Cahoon et al.,
995a,b; Day et al., 1999; Rybczyk and Cahoon, 2002). Desicca-
ion can cause overconsolidation at the surface, which gives the
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ig. 9. Conceptual diagram of the process of pond formation and expansion. The ini

ew soil greater strength than the loading history would suggest.
owes et al. (2010) reported soil strength at high salinity wetlands

n the Breton Sound estuary was much higher than low salinity
etlands near the Caernarvon river diversion. The low salinity wet-

ands likely drain less frequently than the high salinity marshes.
he soils at OB dried out much more frequently than those at BC. If
here were no sediment input, the marsh surface elevation would
ecline (Cahoon et al., 2010). As sediment continues to be intro-
uced at the surface, however, a layer that started at the surface is
ound later at a lower point in the sediment profile while the surface
ontinues to grow upward. Such a layer, described as a sediment
cohort’ by Day et al. (1999), is operated on by different processes as
t ages and is displaced from the surface. A cohort is a sediment layer
hat is deposited over a period of time such that it can be consid-
red as a homogeneous layer in terms of soil diagenetic processes.
ediment deposition and desiccation are active at the soil water
nterface, while biologically mediated introduction of voids and
rganic matter predominate in the rooted zone. At greater depths,
onsolidation and dewatering induced by progressive loading lead
o deformation and loss of voids. This consolidation contributes
o what Cahoon et al. (1995b) call shallow subsidence. Eventually,
s the soil layer is buried to greater depths, the deposit experi-
nces less thinning even though it is exposed to greater loading,
nd the contribution of any single layer to settlement approaches
ero.

.4. Summary and conceptual model

We developed a conceptual model of marsh deterioration
Fig. 9). There has been long-term relative sea-level rise at both
ites. The BC marsh is at the lower end of its vertical elevation range.
espite high sediment input, there is a low rate of sediment cap-

ure and soils do not drain and consolidate. OB sediment input is
ower but is more mineral than BC reflecting river input, and most
ediments are retained. Thus, sediment capture, consolidation and
oil strength, organic matter content are dependent on position
n the tidal frame and mineral sediment is related to river input.

ecause BC elevation is low, collapse took place due to metabolic
ffects of prolonged inundation. This collapse is not the same as
oil removal by waves and currents. Once collapse occurs, low ele-
ation and poor soil strength prevent revegetation. The accretion
eficit for interior marshes in the delta is similar to those at BC

A
v
l
P
t

evation of the marsh surface is critical as to whether the pond expands or is stable.

2–3 mm year−1, Baumann et al., 1984; Hatton et al., 1983; DeLaune
t al., 1994).

Accretion deficit is not the same as sediment deficit. As eleva-
ion drops, the efficiency of incorporation of deposited sediments
iminishes while the void volume increases. In the rooting zone,
dded void volume reduces upward displacement of the marsh
urface by rooting and other biogenic processes, while increasing
hallow autocompaction below this zone. At OB, this expansion
ontributed almost half of the total aggradation potential, com-
ared to 12% at BC (Table 3).

The BC marsh initially formed near the active Lafourche Mis-
issippi River distributary. Although that channel was largely
bandoned about 300 years BP, there was some input until the late
9th century. At that time, elevation of the BC marsh was similar to
hat of the marsh at OB but since then it has lost elevation. This ele-
ation loss was initially slow because of efficient incorporation of
ediments introduced when the marsh is flooded. With increased
ood duration and decreased drying and consolidation, sediment
etention efficiency decreased and the degradation of the interior
arsh accelerated.
The accretion deficit and elevation loss is decades long and could

ikely be stabilized by increased sediment input as suggested by
treamside salt marsh accretion rates (Hatton et al., 1983). But it
ltimately leads to a point where several years without significant
torm input results in rapid loss of elevation. During this last stage,
he marsh experiences high sediment input. Just before collapse
he marsh is reduced to individual clumps of stressed vegetation
oating in a fluid mud substrate. The stage is then set for rapid
arsh deterioration and loss over a matter of months.
The increased duration of flooding leads to the collapse of the

arsh. Plants are stressed due to excessive waterlogging, anoxia,
ow Eh, and elevated sulfides and have lower below ground pro-
uction and organic soil formation (e.g., Mendelssohn and Morris,
000; Roques, 1996). That worsens the accretion deficit. When
tress becomes too extreme, plants die (Mendelssohn and Morris,
000) leading to rapid loss of root volume and mass due to loss
f root turgor and root decomposition (DeLaune et al., 1994).

erenchyma tissue filled with gas can occupy up to 30% of the
olume of living S. alterniflora (Arenovski and Howes, 1992). Fol-
owing death, root decomposition is rapid (Padgett and Celio, 1990;
adgett et al., 1989; Benner et al., 1991). After decomposition,
he root mass at BC was reduced to a stubble on the remnants
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f individual culms on the fluid mud substrate. Plant death also
educes soil strength so that marsh scarps become unstable and
ail.

After vegetation death, soils can be removed by low energy
aves and currents that once posed no threat. Export of liquefied

oil material can then occur, especially as the pond opens up to
erge into adjacent water bodies. At this point, restoration of the

xisting marsh is no longer possible with normal sediment input.
he only option is to rebuild the substrate high enough in the tidal
rame with massive amounts of sediment introduced either from
he river or through placement of dredged sediments.

Our original hypothesis that marsh deterioration was due to
aterlogging stress resulting from a lack of sediment input is only
artially correct. The long duration of flooding of the BC marsh
learly stresses the plants. The low elevation is not due to lack of
ediment input but to low capture efficiency. By 2009, the OB marsh
emained stable while the BC marsh site had largely disappeared
ore than a decade earlier.
These findings have important implications for wetland man-

gement with sea-level rise (IPCC, 2007). High sediment input will
e necessary on a large scale if Louisiana marshes are to survive high
ates of sea-level rise. Our findings support the use of river diver-
ions for regional-scale wetland restoration (Boesch et al., 1994;
ay et al., 2007, 2009). The OB marsh with long-term riverine influ-
nce is in an area with low land loss and results of our study provide
nsights into how loss of elevation occurs and how and where it

ight be reversed. Others have also concluded that river input is
mportant to maintain the delta (Roberts, 1997; Day et al., 2007;
ornqvist et al., 2008; Blum and Roberts, 2009). Another way to
rovide sediment input is via dredged sediments (Mendelssohn
nd Kuhn, 2003).

Our results also provide insight into natural vs human caused
etland loss. Altered hydrology due to canals or impoundments

an result in reductions in sediment input and accretion deficits
Swenson and Turner, 1987; Cahoon, 1994; Reed, 1992; Boumans
nd Day, 1994). The accretion deficit, lack of consolidation, and
etland loss at BC occurred in the absence of alterations in local
ydrology. Physical erosion was not the primary cause for marsh

oss but soil can be removed by waves and currents after vegeta-
ion death and marsh loss. These mechanisms likely play a role in
etland loss throughout the delta. Although the study sites were

nterior marshes, we believe that our general findings about accre-
ionary dynamics are generally applicable to deltaic marshes.
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