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Abstract

The effects of vegetation on island geomorphology in the Wax Lake
Delta, Louisiana

Brittany Claire Smith, M.S. Geo. Sci.

The University of Texas at Austin, 2014

Supervisors: Kevan Moffett and David Mohrig

Understanding how deltas build and maintain themselves is critical to predicting
how they will respond to perturbations such as sea level rise. This is especially an issue
of interest in coastal Louisiana, where land loss is exacerbated due to subsidence and
decreased sediment supply. Feedbacks between ecology and geomorphology have been
well documented in tidal environments, but the role of vegetation in delta
morphodynamics is not well understood. This study investigates spatial and temporal
correlations between vegetation succession and sediment accumulation at the Wax Lake
Delta in Louisiana. | established a 2500 m long transect along the western levee of Pintail
Island, capturing the full range of island elevations and the transition from bare sediment
to herbaceous plants and trees. Shallow (50-100 cm deep) sediment cores taken along this
transect were analyzed for particle size, organic matter content, and bulk density, and

dated using **°Pb. The resulting sedimentation rates and composition trends over time



were compared to remote sensing-based analyses of temporal changes in island
topography and flooding frequency derived from historical Landsat images.

We found that the topography of Pintail Island has developed from a non-
systematic arrangement of elevations to a discrete set of levees and intra-island platforms
with distinct vegetation types, designated as high marsh, low marsh, and mudflat habitat.
This elevation zonation is consistent with alternative stable state theory as so far applied
to tidal salt marsh systems. At all but the youngest sampling site, sediment cores showed
a significant decrease in organic matter content and a significant increase in grain size
with depth. The total organic matter contribution to vertical growth was not sufficient to
account for all the elevation change required to achieve the differentiation from low
marsh to high marsh deduced from the time-lapse Landsat imagery analysis. Mineral
sediment accumulation rates suggested that elevation growth was accelerating or holding
steady over time, in contrast to theory suggesting rates should slow as elevation
increases. These results provide an empirical foundation for future mechanistic models
linking mineral sedimentation, organic sedimentation, vegetation succession, elevation

change, and flood frequency in the delta.
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1. INTRODUCTION

Understanding how deltas build and maintain themselves is important for
predicting how they will respond to perturbations such as sea level rise. Many coastal
areas have been retreating or drowning as a result of subsidence and decreased sediment
availability due to upstream dams and levees (Kesel, 2003). Ten percent of the world’s
population lives less than 10 m above sea level and is increasingly vulnerable to flooding
and erosion due to sea level rise (McGranahan et al., 2007). Coastal wetland vegetation
reduces erosion by attenuating waves and storm surges (Gedan et al., 2011), and
proposed efforts to restore deltaic wetlands revolve around diverting currently
channelized water and sediment into low lying areas and allowing natural processes to
control the development of new wetlands. At this point, knowledge of sedimentary
dynamics can evaluate the overall feasibility of these projects, but there is insufficient
knowledge to predict in detail how the distribution of elevation, channels, and habitat will
evolve (Paola et al., 2011). Though many studies have addressed feedbacks between
water flow and sediment transport and deposition in deltas (e.g. Orton and Reading,
1993; Wright and Coleman, 1974; Hoyal and Sheets, 2009; Edmonds and Slingerland,
2007), the role of vegetation in delta geomorphology is not as well understood.

Subaqueous sediment deposition dominates the initial organization of delta
islands and channels. Flow expansion and deceleration as channelized flow transitions
into a larger body of water induces sediment deposition, forming a mouth bar. Flow

splitting around the mouth bar causes channel bifurcation and levee development behind



the bar. The final location of the mouth bar, which sets the initial location for island
formation, is strongly controlled by water velocity and depth, and is weakly controlled by
grain size (Edmonds and Slingerland, 2007; VVan Heerden and Roberts, 1988). Field
studies suggest that this jet deposit model initiates mounded island forms with their
thickest deposits at the upstream end and along the central island axis (Wellner et al.,
2005). However, once these deposits accrete to a level near or above mean water level,
emergent plants are able to colonize the islands and vegetation becomes a potential factor
in sedimentation dynamics.

Elevation is a geomorphologically and ecologically important variable in tidal and
floodplain environments, as it controls depth and frequency of inundation, which in turn
affect bed shear stress and the amount and type of sediment delivered to a given location
(Cahoon and Reed, 1995; Stoddart et al., 1989; Edmonds and Slingerland, 2009). Deltas
exhibit strong morphodynamic coupling between sediment surface elevation, water flow,
and sediment deposition or erosion (Hoyal and Sheets, 2009; Kim et al., 2009). It has also
been shown that vegetation type and productivity are controlled by elevation in tidal
environments via hydrologic regime, resulting in banded vegetation that mirrors local
topography (Johnson et al., 1985; Shaffer et al., 1992; White, 1993). However, it is not
known if a feedback loop exists between vegetation and elevation in a prograding delta
environment, what mechanisms would dominate this interaction, or how this feedback
would impact overall delta development.

Numerous examples of field and modeling studies in salt marshes have shown

that vegetation influences vertical accretion and erosion (e.g. Kirwan and Murray, 2007;
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D’Alpaos, 2011; Mudd et al., 2009; Morris, 2006; Fagherazzi et al., 2012). However,
few studies address this issue in freshwater tidal systems. While freshwater tidal systems
have similarities to salt marshes, the most notable differences are a lower salinity, higher
sediment availability, and greater diversity of plant types, corresponding to the potential
for greater spatial variation in geomorphic processes in the freshwater systems
(Pasternack and Brush, 2001). Organic matter accumulation is also significantly higher in
freshwater marshes due to lower rates of decomposition (Craft, 2007; Lorenzo-Trueba et
al., 2012). Nevertheless, given a relative lack of tidal freshwater and delta wetland
research, salt marshes are the best analog available.

On a plot scale, the process relationships between vegetation and vertical
accretion in tidally influenced systems have been widely studied. Most directly,
vegetation contributes organic matter to the subsurface via roots and leaf litter, adding to
the overall volume of the soil and increasing the marsh surface elevation. Organic matter
contributes up to 4 times more volume than mineral sediment on a per mass basis, due to
its lower particle density and higher porosity (Neubauer, 2008). Total accretion rates in
coastal marshes have been correlated with organic matter accumulation rates; organic
matter has been shown to be the primary driver in many salt marshes while accretion in
freshwater marshes is typically a function of both mineral and organic sedimentation
(Neubauer, 2008; Nyman et al., 2006; Lorenzo-Trueba et al., 2012). One proposed
mechanism explaining this correlation is increased root growth in response to increased
inundation (Kirwan and Guntenspergen, 2012; Nyman et al., 2006). One model explicitly

accounting for soil carbon dynamics and belowground biomass demonstrated that organic
3



matter can be a significant factor in maintaining the elevation of salt marshes undergoing
sea level rise (Mudd et al., 2009).

Vegetation has also been linked to an increase in net mineral sediment deposition
by increasing bed roughness, slowing water velocity and decreasing turbulence. This
results in increased deposition through particle settling and a decrease in resuspension
(Mudd et al., 2009; Leonard and Luther, 1995; Christiansen et al., 2000). Direct trapping
by plant stems may also have a significant effect (Palmer et al., 2004), though others
studies find trapping to be negligible compared to settling (Mudd et al., 2009). Regardless
of the mechanism, fertilized plot experiments have shown that greater plant productivity
in salt marshes creates higher biomass density, which is more efficient at trapping
mineral sediment and increasing local elevation (Morris, 2006). Several studies in
freshwater marshes have also shown sedimentation rates correlating to vegetation cover,
though elevation and proximity to tidal channel are also factors (Palinkas et al., 2013;
Pasternack and Brush, 2001) and results have been highly variable (Darke and
Megonigal, 2003). Other studies along an elevation gradient show a negative correlation
between elevation and mineral accumulation rates in the summer but not winter,
suggesting a relationship with vegetation cover (Pasternack and Brush, 2001; Cahoon et
al., 2011). However, spatial heterogeneity in vegetation can actually enhance erosion. For
example, patchy vegetation may decrease water velocity within the area of plant growth,
but focus flow between these vegetated areas, increasing water velocity and erosion in
between patches (Vandenbruwaene et al., 2011; Temmerman et al., 2007). Also, sparse

vegetation patches may cause an increase in turbulence, resulting in enhanced erosion of
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fine grained sediment and creating a sandier surface that is less cohesive (van Katwijk et
al., 2010). In general, discontinuous obstructions such as vegetation cause complicated
disruptions in the flow field that can extend into vegetation patches, with unpredictable
effects (Nepf, 2012).

Plants are expected to affect vertical marsh development by increasing sediment
stability through several mechanisms. Root growth typically adds tensile strength and
increases soil resistance to shear stress, decreasing surface erodibility (Simon and
Collison, 2002) and increasing bank strength (Micheli and Kirchner, 2002; Pollen-
Bankhead and Simon, 2010). Cahoon et al. (2011) describe an “explosive” growth of
belowground biomass in emergent marsh vegetation, with an order of magnitude increase
from submerged sites to low marsh sites in their first several years of colonization, and a
correlation between belowground biomass and elevation in the Mississippi River Delta.
Additionally, decreased water velocity and turbulence under the vegetation canopy
reduces resuspension and erosion (Christiansen et al., 2000) and encourages deposition of
finer particles that can potentially increase the cohesion of the sediment surface (Yang,
1998).

The effects of vegetation on delta development over larger spatial or temporal
scales are less well understood. Pasternack and Brush (2002) hypothesize that over
multidecadal time scales, the cumulative effect of decreased sediment dispersal due to
vegetation will result in a shorter, steeper delta. In contrast, experimental and numerical
models suggest that increased cohesiveness, potentially supplied by vegetation, results in

more stable distributary channels that prograde farther and reach lower gradients than
5



would otherwise be predicted (Hoyal and Sheets, 2009); more cohesive deltas are
expected to be more elongated, with a rougher shoreline (Edmonds and Slingerland,
2009). Similarly, Rowland et al. (2010) describe delta distributary network development
as a competition between levee and mouth bar formation, so that more cohesive and
stable levees would tend to increase the channel length between bifurcations. On
millennial time scales, Lorenzo-Trueba et al. (2012) use a geometric model including
organic sedimentation to show that a higher rate of organic accumulation delays shoreline
retreat under conditions of base level rise. Models of coupled interactions in salt marshes
between abiotic and biotic factors including organic sediment deposition, mineral
sediment deposition, and wind induced wave erosion find that the feedbacks between
these processes result in alternative stable states where distinct surface elevations are
most stable (Marani et al., 2010; D’Alpaos, 2011; D’Alpaos et al., 2012). Because of this
tendency for a landscape to approach stable elevations, it has been proposed that multiple
peaks in the frequency distribution of elevation corresponding to vegetation zonation in a
tidal environment is a signature of feedbacks between ecological and geomorphological
processes (Marani et al., 2013).

This study first characterized sediment properties with depth along an elevation
gradient on an island in the prograding Wax Lake Delta in Louisiana, with the aim of
investigating the influence of vegetation on organic matter accumulation, grain size of
deposits, and overall accretion rate. Second, remote sensing imagery was used to
determine the topographic change of the delta on a larger scale over time. Finally, local

sediment dynamics inferred from evidence preserved in the sediment record were related
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to the observed pattern of island evolution. We propose that there are spatial and
temporal relationships between vegetation succession and island evolution which reflect a

mechanistic link.



2. METHODS

2.1. SITE DESCRIPTION

In 1942, the Wax Lake Outlet Channel was constructed by the US Army Corps of
Engineers (USACE), diverting water from the Atchafalaya River upstream from Morgan
City, LA for the purposes of flood control. The Wax Lake Delta (WLD) is located where
the Wax Lake Outlet flows into the Atchafalaya Bay (Fig. 1a). The USACE Old River
Control Structure, located at the convergence of the Red and Mississippi Rivers (Fig. 1a),
diverts 30% of the flow from the Mississippi River to the Atchafalaya River; the Wax
Lake Outlet contains up to 46% of the flow from the Atchafalaya (Allison et al., 2012).
The delta has been developing subagqueously since 1952, and became subaerial after a
large flood in 1973 (Rouse et al., 1978) . Consisting primarily of sand rich deposits on
top of the original consolidated mud bay surface, the delta has now built out into the bay
approximately 10 km (Rouse et al., 1978; Roberts, 1997). Terrain and morphodynamic
models suggest progradation at a rate of 3-5 km?/yr (Parker and Sequeiros, 2006). The
delta is a low gradient system, with the entire subaerial portion within 1 m of mean water
level (NCALM, 2009) and is tidally influenced, with an average tidal amplitude of 60 cm
(NOAA, 2013), though river discharge and wind also factor into water level (Geleynse et
al., in review; Hiatt et al., in review). Though the delta extends into Atchafalaya Bay, it
is surrounded by freshwater due to the large volume of water discharging from the Wax
Lake Outlet. Due to its small size, relatively good historical record, and lack of
substantial engineering (Roberts, 1997), the WLD is an ideal place to study delta

dynamics.



Pintail Island was selected for study (Fig. 1c). The island shape is characteristic of
the delta, with an arrowhead-shaped pair of levees and a lower, wetter area in the middle
of the island open to the channel at its downstream end. Based on historical imagery,
Pintail is one of the older islands in the delta so it was expected to have a relatively
complete sedimentary record encompassing the lifetime of the delta, while still actively
growing and changing. To capture variations in elevation, we established 5 sites along a 3
km transect of the western levee of Pintail Island, from the highest elevation at Site 1 to
the lowest elevation at Site 5 (Fig. 1c, d). Each sampling site was a similar distance from
the channel. Sites 1, 2, 3, and 5 all had clusters of Salix nigra trees present in addition to
herbaceous cover between the tree patches. These sites were sampled within both the tree
clusters and the dominant herbaceous vegetation representative of the area. Sites are
denoted by their number and T (trees) or H (herbaceous). At Sites 1-3, the dominant
herbaceous vegetation was Colocasia esculenta. Site 4 was selected to capture a drop in
elevation below the small channel just south of Site 3, had no trees, and the main
vegetation type was Typha spp. At Site 5, the dominant herbaceous species was

Schoenoplectus americanus.



Figure 1: Site description. A) The Wax Lake Delta is located at the terminus of the Wax
Lake Outlet (blue), which diverts water from the Atchafalaya River (purple). The
Atchafalaya is a distributary channel for the Mississippi (green) and Red (red) Rivers. B)
Landsat image of the WLD. The yellow dot indicates the location of the USGS gage at
Camp Island, and the dashed line shows the location of the water surface transect in
Figure 4c. The white box indicates the location of (C). C) False color NIR-R-G aerial
photo of Pintail Island from Nov. 6, 2009 with location of 5 core sampling sites. The
dashed line indicates the location of the elevation transect in (D). D) Elevation transect
from 2009 Lidar data (NCALM, 2009) down the western levee of Pintail Island, with the
elevation of each sampling site noted.
(A)

Atchafalaya
River

(D)

4:0.35m

T T T T T T T T T

1 1 L 1 1 1 1 1 | 1

Elevation above NAVD88 (m)

or 5:0.21m

1 1 L 1 1
0 500 1000 1500 2000 2500 3000
Distance down island transect from Site 1 (m)
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The two vegetation types were chosen to remove elevation as a variable, and to
capture vegetation at different levels of productivity, which is expected to be a factor
driving marsh development. In the vegetation zone classification scheme described by
Viparelli et al. (2011), S. nigra is considered “high woody,” C. esculenta is “high
emergent,” and S. americanus is “intermediate emergent” (Fig. 2). Specific elevation data
on Typha spp. are not available, but other work in the Atchafalaya Basin suggests it fits
best in the “intermediate emergent” community (Johnson et al., 1985; Shaffer et al.,
1992). The low elevation island interior is dominated by N. lutea, a “low emergent”
species.

Figure 2: Vegetatation percent cover as a function of community type and elevation
above mean sea level at the Wax Lake Delta, after Viparelli et al. (2011). The species in
each community are as follows: Trees (Salix nigra), High Emergent (Colocasia
esculenta, Polygonum punctatum,Vigna luteola), Intermediate Emergent
(Schoenoplectus americanus, Alternanthera philoxeroides, Leersia oryzoides), Low

Emergent (Sagittaria platyphylla, Nelumbo lutea), Submerged (Potamogeton nodosus).
80 . :

70+ .

60+ .
o Trees
8 — High emergent
5 50f y Intermediate emergent
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g Submerged
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20 ! 1 1
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2.2. FIELD METHODS

In September and November 2013, at each site and within each vegetation type, 3
replicate sediment cores were taken ranging in length from 40 to 85 cm. Preliminary field
investigations suggested a transition from mud to sand near mean water level, which
varied with elevation. The intention was to core to below this depth, so shorter cores were
taken at the lower elevation sites. Push- cores were taken using a sharpened PVVC pipe 5
cm in diameter with an airtight piston to provide suction and prevent core material from
falling out the bottom as it was extracted from the ground (Hargis and Twilley, 1994).
The cores were capped in the field, and transported upright to the laboratory.
Compression with depth was determined in situ during coring by measuring the depth to
the soil surface both inside and outside the coring device every 5 cm while inserting the
PVC pipe into the ground. To provide an additional indicator of vegetation history on the
island, tree cores were taken from 13 of the largest S. nigra trees near Sites 1-3 using an
increment borer, and annual rings were counted for approximate date of establishment
(Stokes and Smiley, 1968). The trees at Site 5 were too small to bore, but two trees were

cut and sectioned to obtain ages.

2.3. LABORATORY METHODS AND ANALYSIS OF SEDIMENT CORES

The sediment cores were cut open lengthwise in the laboratory using a rotary
hand tool and sectioned every 2 cm, weighed, dried for 24 hours in a 105 C oven and
reweighed. Each section was sub-sampled for organic matter content, particle size, and
Pb-210 analyses. Because significant compression occurred in the cores, a correction

12



was applied to convert depth in the core to depth below the surface for each core section.
The difference between the depths to the sediment surface measured inside and outside
the PVC pipe every 5 cm while coring were linearly interpolated between each
measurement point and used to correct the in situ depth to the top and bottom of each

core section. The results of this study are stated in terms of these corrected in situ depths.

2.3.1. Organic Matter

Organic matter content by mass (%OMnass ) for each slice was measured using the
loss on ignition method, where oven dry samples were weighed, heated to 450 "C for 16
hours, and reweighed (Craft, 2007; NRCS, 2004). The volume of the organic Von (Eqn.
1) and mineral Vmin (Egn. 2) sediment fractions were computed for each core section
using assumed particle densities of 1.25 g/cm?® (pom) and 2.65 g/cm® (pmin) for the organic
and mineral components (Rihlmann et al., 2006), and the total dry mass of each section,
Miot. The % OM by volume (%OM,,) was calculated for each core using Equation 3. The

bulk density of each slice p, was also found (Eqgn. 4) using the corrected height for each

section, Zs.
Vom:Mtot*%OiW%*ﬁ @)
Vimin = Mot * (1 = 2270085 x 2)
%0Myor = 52— (100) (3)
Pp = Zs,:\:tﬁ (4)
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The total vertical contribution of organic matter (Zoy,) to each core was calculated using

Equation 5, where n is the total number of sections in the core.

. %OMyoi(D)
Zom = Zi=1Zs(D) ¥ =225 (%)

Statistical analyses were performed on the organic matter data, which included data from
three replicate cores from each site and vegetation type. For each coring location, the
median value for % OM by volume was linearly interpolated every 2 cm between
adjacent measured slices (which were irregularly spaced due to nonlinear compression).
A Mann-Kendall test was applied to each triplicate of cores at each site to test for a trend
in the profile. The test is non-parametric and does not assume a linear trend. A Wilcoxon
rank sum test was used to compare herbaceous site to tree site organic matter profiles
both above and below mean local water level (MLWL) at Sites 1-3. At Site 4 the test was
not applied because there was no tree site. In Site 5 the rank sum test was only applied
below MLWL because no part of the cores was above MLWL. The total vertical
contribution Zoy, was normalized by core length and a Students t-test compared the

distribution of total organic matter values between herbaceous and tree cores at each site.

2.3.2. Grain Size

Prior to grain size analysis, samples with greater than 2% organic matter by mass
were pre-treated with 25 ml of 30% hydrogen peroxide and heated at 85 'C for 2 hours to
digest organic matter. Digested and non-digested samples were shaken overnight on a
reciprocal shaker with 20 ml of 0.25 M sodium hexametaphosphate dispersing solution

(NRCS, 2004), and measured using a Malvern Mastersizer 3000 laser particle size

14



analyzer (Zobeck, 2004). Like the organic matter data, at each coring location the median
value for Ds with depth was linearly interpolated every 2 cm between adjacent measured
slices. A Mann-Kendall test for trends was applied to each core, and a Wilcoxon rank
sum test was used to compare herbaceous site to tree site grain size profiles both above

and below MLWL at Sites 1-3 and 5.

2.3.3. ?%b Analysis

Sections of the sediment cores were dated using Pb-210 dating. Pb-210 has a half
life of 22.26 years and is good for dating sediment deposited within the last 100-150
years (Appleby and Oldfield, 1983), so was appropriate for this site which has a
maximum age of 60 years. ?°Pb is a daughter product of the *®U decay series occurring
in minerals. Sediment contains some background #°Pb from this in situ decay, which is
in equilibrium with its precursors. ??Rn is produced as an intermediate isotope in the
decay series, some of which diffuses into the atmosphere where it decays to *°Pb. Of
interest for dating is the #°Pb in the atmosphere, which falls onto the land or water
surface, where it adsorbs to sediment particle at the surface as excess unsupported *:°Pb
(Appleby and Oldfield, 1983). Although this atmospheric **°Pb fallout rate is somewhat
variable, it is much less so than the variations in sediment deposition rates, making the
magnitude of excess #*°Pb a useful proxy for sediment deposition rates. If mineral
sediment accretion is slow, excess °Pb will be larger as it has longer to accumulate at

the surface; a layer that is accreted quickly will have lower excess “*°Pb (Appleby, 2008).

15



The least compressed core from each sampling location was selected for °Pb
analysis, and alternating slices were analyzed, excluding the first and last slice. Following
the methods of Aalto and Nittrouer (2012), 1-1.5 g of sample was spiked with 1.0 ml of
2pg (93.87 mBg ml™) and acid leached by 8M HNO3, evaporated, acid leached again
with 6M HCI, and re-evaporated. Samples were rinsed, centrifuged, and the supernatant
decanted. Ascorbic acid and 0.5 M HCI were added, and polonium was plated on a silver
plating planchet suspended in solution for 24 hours. The plated sample was counted in an
alpha spectrometer for 24 hours to measure the activity of ?°Po, which is assumed to be
in secular equilibrium with %°Pb.

Sediment accumulation rates were found using the constant rate of supply (CRS)
model as described by Appleby and Oldfield (1978, 1983) and successfully applied in
multiple environments (Appleby, 2008; Neves et al., 2014; He and Walling, 1996). This
method assumes excess **°Pb is being deposited from the atmosphere onto the sediment
surface at a constant rate, but allows for temporal variation in sediment accumulation
rate. The unsupported excess **°Pb concentration at depth x is represented as C(x) in units
of decays per minute (dpm)/g, where sediment with concentration C(x) of age t is a
function of the initial concentration Co (Eqn. 6). Because %'°Pb is primarily adsorbed by
clay particles, excess *°Pb was normalized to C(x). by the 2 micron clay content to
account for the variable clay fraction (f;) throughout the core (Eqgn. 7).

C(x) = Coe ¢, units = dpm/g (6)

Cc .
C(x). = %' units = dpm/gclay (7)
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Where k is the decay constant for °Pb:

k = log2227 ~ 0.3114, units = yr~! (8)

A(x) is the total unsupported excess “°Pb beneath depth x, where p(x) =Mminerai/Vs for

each core section:

Alx) = fxoop(x)C(x)cdx, units = L2 Imin 9)

cm?+gciay
A(0) is the total unsupported excess **°Pb in the sediment column:
A(x) = A(0)e™*t (10)
t is the age of sediment at depth x, where A(0) and A(x) are solved by numerical

integration of the #*°Pb activity profile with depth:

_ 1A
t= klnA(x), units = yr (11)

The sedimentation rate r(x) associated with sediment at depth x was calculated with

Equation 12:

_ kA)
r(x) = CX)epx)’

units = — (12)
yr

A Mann-Kendall test for trends was applied to each core, and a Wilcoxon rank sum test

was used to compare herbaceous site to tree site mineral accumulation rate profiles both

above and below MLW.L at Sites 1-3 and 5.

2.4. REMOTE SENSING ANALYSIS

There is little historical topographic information available for the WLD, and this
study had access only to one Lidar dataset at 1 m horizontal resolution from 2009

(NCALM, 2009). However, there is an extensive set of Landsat satellite imagery at 30 m

17



horizontal resolution available from 1999-2010 (NASA, 2010). This study takes
advantage of the fact that water level fluctuations have a large effect on how much of the
delta is exposed at any given time (Fig. 3). Each Landsat image is taken at a different,
unknown, random water level, so each shows a different area of the delta. Previously,
remote sensing techniques have been primarily used in deltaic coastal environments to
monitor spatial extent and land cover, without accounting for the effects of changing
water level (Rosen and Xu, 2013). Recent work at the WLD has characterized the
variability associated with using satellite imagery to measure land extent change over
time, but does not address vertical change (Allen et al., 2011). Other researchers have
used a series of satellite images to construct an elevation model based on tidal inundation,
but this “waterline” method relies on known water levels at the time the images were
taken (Ryu et al., 2008; Mason et al., 2010). In this case, the specific water levels for
each image are not available, and there is no existing model for predicting water level at
this site in sufficient detail, as it is a function of tidal cycles, river discharge levels, and
local wind direction (Geleynse et al., in review). Therefore, this study developed a
method to use information contained in Landsat imagery to characterize the topography
of the delta from 1999-2010 as calibrated using the Lidar dataset from 2009 (NCALM,

2009).

2.4.1. Landsat waterline method

Landsat images of the WLD were acquired from the USGS Earth explorer website

for the years 1999-2010, from Path 23, Rows 39 and 40 (NASA, 2010). The 79 cloud free
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available Landsat images were divided into four groups, each spanning 3 years: 1999-
2001 (n=17), 2002-2004 (n=19), 2005-2007 (n=19), and 2008-2010 (n=24) (Table 1).
The Landsat images in each group were converted into binary images where land=1 and
water=0, using the Otsu thresholding method (Otsu, 1979) on either the red band (RGB
images) or Band 5 (multiband images), after Geleynse et al. (2012). Each group of binary
images were then added together, creating a composite image with pixels ranging in
value from 0 to n, where n equals the number of images in that 3-year time period. These
pixel values indicate relative frequency of land exposure, such that locations with a land
exposure value of O were areas that were always water, while pixels of value n indicated
areas that were never flooded during the Landsat observation times. Each land exposure
value was then converted to a probability of exposure by dividing by the maximum value
for each image (n). This study refers to these maps as the “raw Landsat exposure

probability maps.”

Figure 3: Example of the difference in land exposure as a result of small differences in
water levels. In a), the daily average water level at the Camp Island gage station (Fig.
1b) was 0.35 m, and in b) the gage level was 0.67 m (0.32 m difference).

a. Landsat image, Sept. 28, 2010 b. Landsat image, Apr. 24, 2011




Table 1: Dates of Landsat imagery compiled for each composite image

1999-2001 (n=17)

2002-2004 (n=19)

2005-2007 (n=19)

2008-2010 (n=24)

July 4, 1999

January 25, 2002

January 17, 2005

February 27, 2008

August 5, 1999

February 10, 2002

September 30, 2005

March 30, 2008

August 21, 1999

June 18, 2002

October 16, 2005

April 15, 2008

September 6, 1999

August 5, 2002

November 17, 2005

May 01, 2008

September 22, 1999

August 8, 2002

February 05, 2006

June 02, 2008

October 24, 1999

September 25, 2003

April 10, 2006

September 22, 2008

November 9, 1999

November 28, 2003

June 13, 2006

October 08, 2008

January 12, 2000

December 30, 2003

August 16, 2006

November 09, 2008

February 29, 2000

February 16, 2004

September 01, 2006

November 25, 2008

April 17, 2000 April 4, 2004 November 04, 2006 | January 12, 2009
May 19, 2000 May 6, 2004 November 20, 2006 | March 01, 2009
June 4, 2000 May 22, 2004 December 06, 2006 May 20, 2009
June 20, 2000 July 25, 2004 March 28, 2007 August 08, 2009

September 24, 2000 | August 10, 2004 April 29, 2007 August 24, 2009
October 26, 2000 September 11, 2004 | June 16, 2007 November 12, 2009
November 27, 2000 | September 27, 2004 | July 02, 2007 February 16, 2010

December 29, 2000

October 13, 2004

August 03, 2007

June 08, 2010

March 19, 2001

October 29, 2004

September 04, 2007

July 10, 2010

December 16, 2004

September 20, 2007

August 27, 2010

September 12, 2010

September 28, 2010

October 14, 2010

October 30, 2010

December 01, 2010

Daily averaged surface water level data from USGS gage 073815925 (29°32'24"

N, 91°26'08" W), located at Camp Island (Fig. 1b) at the apex of the delta, was acquired

from the US Geological Survey National Water Information Service website (U.S.

Geological Survey, 2014) for the period of record from 10/15/2008-1/12/2014. The mean

surface water level at the gage for this period was 0.481 m above NAVD88, reaching a

maximum level of 1.12 m and a minimum level of -0.11 m (Fig. 4a). The cumulative
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distribution of water levels throughout this period was fitted with a cumulative normal
distribution with a mean of 0.481 m and a standard deviation of 0.179 (Fig. 4b). To more
accurately extrapolate this gage data to the surroundings of Pintail Island, 2.5 km or more
away, a transect of surface water elevations was extracted from the Lidar 2009 dataset
along the path of water travel from the head of Camp Island down the channel to the west
of Pintail Island (Fig. 1b). A line was fit to the transect to determine the surface water
slope, and an average slope of -4.7 x 10 was calculated from the linear regression (Fig.
4c). The distance from each pixel in the Lidar 2009 dataset to the gage station was
calculated. This distance and the surface water slope were used to calculate the MLWL
corresponding to each point in the Lidar 2009 dataset. This MLWL value was subtracted
from the land surface elevation value at each point, converting the Lidar datum to land
surface elevation above MLWL. The CDF of water level elevation was also converted to
a MLWL datum by subtracting the mean, so that the converted distribution had a mean of
0 and standard deviation remained the same. For each value of elevation above MLWL in
the Lidar dataset, the probability of non-exceedance by surface water flooding was
calculated from the CDF relationship. This is referred to the “Lidar 2009 exposure
probability map” since the probability of non-exceedance is equivalent to the probability
of exposure under the water level regime captured by the Camp Island gage period of

record and the 2009 Lidar topography acquisition.
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Figure 4: Surface water data. A) Surface water hydrograph from the USGS gage
073815925 period of record at Camp Island (Fig. 1b), with mean water level of 0.481 m
indicated by dashed line. B) Cumulative distribution function of water levels derived from
a), with fitted normal cumulative distribution function with parameters mu=0.4811 m and
sigma=0.179 m. C) water surface transect (Fig. 1b) down delta derived from 2009 Lidar,
and fitted with a linear regression with a slope of -4.7 E-5.

a. Water level at Camp Island gage b. Cumulative distribution of Camp c. Surface water slope down delta
Island gage water levels from 2009 Lidar
1
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This 1 m resolution Lidar 2009 exposure probability map was overlain by the 30
m resolution raw Landsat exposure probability map from 2008-2010. It was determined
that the areas with Landsat exposure probability values of 0.04-0.29 were not captured in
the Lidar dataset because these values were primarily in the low-lying center of the island
which was not exposed at the time the Lidar data were acquired, so these values were
removed for the purpose of this analysis. A linear regression was fit to the relationship
between the Lidar and Landsat exposure probability datasets. This linear relationship was
then applied to the other three Landsat datasets to correct the initial, raw Landsat-based
estimates of exposure probability to new “corrected Landsat exposure probability maps”.
This correction was necessary because the departure of the Lidar-to-Landsat regression
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from a 1:1 line and slope of 1 indicated that the raw Landsat exposure probability
estimation method may have included some bias. By applying this regression to the raw
Landsat estimates, the bias was removed to the extent possible. These corrected Landsat
exposure probability maps and the CDF relating water level and probability of
exceedance (Figure 4b) were then used to calculate the water elevation at which each
Landsat pixel would flood, i.e. its elevation above MLWL. MLWL was calculated for
each pixel according to its distance from the Camp Island gage and the surface water
slope (Figure 4c, assumed constant on average), and was then added to the elevation
above MLWL value. This series of calculations resulted in create maps of elevation
above NAVDS88 based on the three older Landsat datasets. After completing this Landsat
waterline method, histograms of the Landsat elevation distributions were calculated for

each time period (1999-2001, 2002-2004, 2005-2007, and 2008-2010).
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3. RESULTS
3.1. CoRE DATA
3.1.1. Organic matter content

The older, higher elevation sites (Sites 1-4) showed a significant trend of
increasing organic matter content with decreasing depth in sediment cores collected from
both vegetation types, while the lower distal site (5H, 5T) did not show a significant trend
(Table 2). Sites 1 and 3 had significantly different organic matter profiles between
vegetation types above MLWL, with 1H and 3H having overall higher organic matter
content (Table 2). Though the median profiles of Site 2 look different, it is not significant
(p<0.5). Comparing vegetation types within each site, only Sites 3H and 3T had a
significantly different total organic matter content as a percentage of the length of the
core, with a p value of 0.01 (Fig. 7). Despite the range in elevation from Site 1 to 3 and
corresponding theoretical range in C. esculenta vegetation productivity, the overall
organic matter profiles at Sites 1-3H were very similar (Fig. 6d), as well as the total
organic matter contribution to vertical growth (Fig. 7). Within the tree sites, 2T had a
much higher organic matter profile than the other 3 tree sites, even Site 1 which has trees
of a similar age (Fig. 6a, Table 5). Cores at Site 2T and 2H also had the highest overall
total organic matter contributions as a percentage of core length, 9.5% and 10.3%

respectively (Fig. 7).
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3.1.2. Grain size

Similar to the organic matter profiles, sediment cores from Sites 1-4 all had a
significantly decreasing grain size trend with decreasing depth, while the Site 5 grain size
profiles did not have a significant trend (Table 3). There was variability around this trend,
such as the abrupt increase in Dsgin Site 1T at 40 cm depth and in Site 2T at 35 cm depth,
but the overall pattern of fining upward was clear. Sites 1 and 3 are the only sites with
significantly different Ds profiles between vegetation types above MLWL, while Sites 2
and 5 had significantly different Ds, profiles between vegetation types below MLWL.
Overall, the grain sizes at Pintail Island were very fine sand or finer, and a large

proportion of the core sediments had a Ds falling below the 62 micron maximum for silt

(Fig. 5).

3.1.3. ?%Pp dating

At Sites 1-4, locations among both vegetation types showed a significant trend of
increasing mineral sediment accumulation rate with decreasing depth, while Site 5 had no
significant trend (Table 4). There was variability around this trend at all sites, in
particular at Sites 2H, 3H and 4H which all showed abrupt increases and decreases in
accumulation rate. The overall highest sustained rates of 5-7 cm/yr were associated with
the upper 30 cm of Site 3H; otherwise rates at Sites 1-4 typically range from 0.1 to 3

cm/yr. Sites 5H and 5T varied from 0.1 to 1 cm/yr.
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Figure 5: Summary of sediment core data. Each row is one site location. Blue lines are
tree sites, red lines herbaceous. Dashed black line is mean local water level for each site.
Column 1 shows organic matter by volume (median of three replicate cores), Column 2
shows Dsg grain size (median of three replicate cores), and Column 3 shows sediment
accumulation rates derived from Pb-210 (single core). Site 4 had no trees in the vicinity.
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Figure 6: Sediment core data from each site displayed by vegetation type. a) and d) are
tree and herbaceous % organic matter by volume (median of three replicate cores). b)
and e) are tree and herbaceous Ds, grain size (median of three replicate cores). ¢) and f)
are tree and herbaceous sediment accumulation rates derived from Pb-210 data (single
core). Site 4 had no trees in the vicinity.
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Table 2: Statistical analyses of organic matter profiles. Results of Wilcoxon rank- sum
test comparing distributions above and below MLWL, and results of the Mann-Kendall
test test for a trend on the median organic matter profile. p values are reported, and p
values < 0.05 are marked in white, indicating rejection of the null hypothesis of no
difference (Wilcoxon) or no trend (Mann-Kendall).

Mann-Kendall test for
Wilcoxon rank-sum test trend
H vs. T above H vs. T below
site | MLWL MLWL Herbaceous | Trees

1 4.17E-05 0.883 3.77E-11 2.75E-08
2 0.119 0.141 7.01E-12 3.64E-08
3 0.049 0.030 7.51E-12 5.57E-05
4 No trees No trees 9.75E-08 No trees
5 | Not above MLWL 0.089 0.82 0.56

Figure 7: Vertical contribution by organic matter. Total organic matter in each core is
reported as % of total core length
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Table 3: Statistical analyses of grain size profiles. Results of Wilcoxon rank- sum test on
Dso grain size data comparing distributions above and below MLWL, and results of
Mann-Kendall test on median Dsg profile. P values are reported, and p values < 0.05 are
marked in white, indicating rejection of the null hypothesis of no difference (Wilcoxon) or
no trend (Mann-Kendall).

Wilcoxon rank-sum test Mann-Kendall test for trend
H vs. T above H vs. T below
site | MLWL MLWL Herbaceous Trees
1 1.73E-05 0.811 1.79E-10 3.54E-06
2 0.504 0.003 4.25E-07 3.45E-03
3 3.59E-05 0.428 3.89E-09 5.34E-04
4 No trees No trees 2.37E-11 No trees
5 | Not above MLWL 0.001 0.72 0.60

Table 4: Statistical analyses of mineral accumulation rates. Results of Wilcoxon rank-
sum test comparing distributions above and below MLWL, and results of the Mann-
Kendall test for a trend. P values are reported, and p values < 0.05 are marked in white,
indicating rejection of the null hypothesis of no difference (Wilcoxon) or no trend (Mann-

Kendall).
Wilcoxon rank sum test Mann-Kendall test for trend
H vs. T above Hvs. T below
site | MLWL MLWL Herbaceous Trees

1 0.73 0.69 4.63E-04 3.57E-05
2 0.01 0.43 1.05E-07 1.50E-03
3 0.02 0.18 4.00E-10 1.54E-03
4 No trees No trees 4.02E-04 No trees
5| Not above MLWL 0.39 0.26 0.75

3.2. REMOTE SENSING

3.2.1 Verifying the Landsat exposure probability data as a predictor of elevation

The Lidar 2009 elevation dataset for Pintail Island (Fig. 8a) was converted to The

Lidar 2009 exposure probability map (Fig.8b) and compared to the raw Landsat exposure
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probability map created from images from 2008-2010 (Fig. 8c). The intra-island platform
in the Lidar maps (8a, b) is under water, while it is shown as land in the Landsat exposure
probability map (8c) because the Landsat map includes images taken at water levels
lower than occurred during Lidar data acquisition. Using linear regression, the Lidar 2009
exposure probability data and from the raw Landsat exposure probability data were
related by the monotonic trend:

(Lidar exposure probability)=1.1947*(Landsat exposure probability)-0.2529 (13)
with r> = 0.973. In calculating the relationship between Lidar and Landsat exposure
probability, the difference in resolution between the two datasets (1 m and 30 m
respectively) meant that each Landsat pixel contained up to 900 Lidar pixels. Since
many topographic features on Pintail Island are smaller than 30 m, this resolution
difference introduced a large amount of scatter within each group of Lidar pixels
associated with a given value of Landsat exposure probability. The linear regression was
fit to all the data (not shown), rather than the median probability of exposure values

(shown, Fig. 9).
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Figure 8: Elevation and exposure probabilities for Pintail Island. a) Pintail Island
elevations from Lidar 2009 dataset. b) Pintail Island probability of exposure calculated
from Lidar elevation, linear water surface slope (Fig. 4c), and fitted water level
distribution (Fig. 4b). c) Probability of exposure map calculated using 24 Landsat
images from 2008-2010.

a. Lidar 2009 b. Lidar 2009 ¢. Landsat 2008-2010
Elevation Probability of exposure Probability of exposure

elevation (m)
probability

Figure 9: Probability of exposure calculated from Lidar 2009 (y-axis) and spatially
related to probability of exposure calculated from the Landsat 2008-2010 composite
image (x-axis). The median value and interquartile range of each group are reported
here. A linear regression was fitted to all data points (not shown) with an equation of
(lidar exposure) =1.1947*(Landsat exposure)-0.2529. R*=0.937.
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3.2.2. Topographic change over time

As can be seen in both the Landsat exposure probability and Landsat elevation
maps (Fig. 10, 11), the topography of Pintail Island developed from a non-systematic
arrangement of elevations (1999-2001) to a discrete levee and intra-island platform
(2008-2010). Based on the distribution of vegetation types for the Wax Lake Delta from
Carle et al. (Fig. 12c), the peaks in the elevation histogram for each time period were
classified as “mudflat”, “low marsh” and “high marsh” (Fig. 12 a, b). Though the 2008-
2010 histogram appears to have a fourth peak at 0.8 m (Fig. 12a), the peak does not
appear in the Lidar 2009 elevation histogram (Fig. 12b), so is interpreted as being an
artifact of the smaller number of points used to construct the Landsat histogram and
lower resolution at the tail of the distribution, and not as a separate habitat zone. The
elevation distribution histograms overall transition from one peak to three peaks (Fig.
13). In 1999-2001, the primary peak was at 0.41 m with small peaks at -0.5 and 0.8 m. In
2002-2004, the peaks were at -0.05, 0.36, and 0.82 m. In 2005-2007, the peaks were at -
0.05, 0.26, and 0.82 m. In 2008-2010, the peak elevations were -0.05 m, 0.26, and 0.51
m. Over time, the total area classified as low marsh decreased and the high marsh and
mudflat zones increased. Sites 1 and 2 transition from low marsh to high marsh by 2002-
2004 (Fig. 14), with trees growing in around 2000-02 (Table 5). Site 3 transitions from
low marsh to high marsh by 2008-2010, with trees establishing around 2008. Site 4 is low
marsh just transitioning to high marsh in 2008-2010. Site 5 goes from mudflat to low

marsh in 2005-2007, with establishing around 2010.
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Figure 10: Exposure probability for 4 different time periods calculated from Landsat
imagery. A) 1999-2001, n=17. B) 2002-2004, n=19. C) 2005-2007, n=19. D) 2008-2010,
n=24.
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Figure 11: Elevation of Pintail Island approximated for four time periods, calculated
using exposure probability (Fig. 9), the linear relationship between Lidar data and
Landsat data exposure probability (Fig. 8), fitted surface water distribution (Fig. 4b),
and water surface slope (Fig. 4c). a) 1999-2001. b) 2002-2004. c) 2005-2007. d) 2008-
2010. Sediment core sampling sites 1-5 indicated by black circles.
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Figure 12: Habitat zonation from elevation and vegetation distributions. a) Elevation
histogram from Landsat 2008-2010 results (n=1919). b) Elevation histogram from Lidar
2009 data (n=707,903). c) Vegetation distribution at the WLD after Carle et al. (2013).
Dashed lines indicate interpreted habitat zones based on the Landsat 2008-2010 and
Lidar 2009 histogram (Fig. 11d).
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Figure 13: Histograms showing distribution of elevation for four time periods. a) 1999-
2001, n=17. B) 2002-2004, n=19. C) 2005-2007, n=19. D) 2008-2010, n=24. Colors

indicate divisions between peaks used to determine habitat zones. Orange=high marsh,
green=low marsh, light blue=mudflat.
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Figure 14: Island elevations grouped into habitat zones by peaks in histogram.
Orange=high marsh, green=low marsh, light blue=mudflat, dark blue=open water. Red
circles indicate location of 5 core sampling sites.
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Table 5: S. nigra ages from tree core data

Site median age (years) age range (years) n
1 12 12-13 4
2 10 8-11 6
3 5 5 1
4 no trees
5 4 4 2
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4. DISCUSSION

4.1. EVOLUTION OF ISLAND TOPOGRAPHY OVER TIME

The most notable change in the island topography over time was the organization
and development of distinct platforms at the approximate elevations 0, 0.25, and 0.5 m
above NAVDS8 (Fig. 13). In contrast to the theoretical vegetation distribution as a
function of elevation as described by Viparelli et al. (2011) (Fig. 2) which shows five
distinct habitat groups, the observed vegetation distribution at the WLD can be grouped
into two general vegetation types, high marsh and low marsh (Carle et al., 2013). Low
marsh species such as N. lutea and P. nodosus are found at WLD at an elevation between
0 and 0.4 m, with peak N. lutea growth at approximately 0.25 m; similarly, high marsh
vegetation C. esculenta and S. nigra are distributed between 0.4-1 m elevation, where
peak C. esculenta growth occurs a 0.6 m according to Carle et al. (2013) (Fig. 12c). The
platform at 0 m would be suitable only for submerged aquatic vegetation. Based on field
observations, this area has little to no vegetation and consisted primarily of a mudflat.
Overall, this vegetation grouping shows a close correspondence between elevation and
vegetation distribution on Pintail Island.

The Landsat waterline method was successful in capturing the relative distribution
of elevation over time, with a near 1:1 relationship between the Landsat 2008-2010 and
Lidar 2009 probability of exposure data (Fig. 9). However, there were inherent
uncertainties in the method, given that there are topographic features on the delta smaller
than the available 30 m horizontal resolution. Calculating inundation frequencies

assumed that the surface water slope remains consistent, and the water level distribution
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around mean local water level remained the same throughout the delta and through time.
This method also assumed that the delta had not significantly changed over each three
year time period used; while this is likely untrue, a compromise was necessary to have a
sufficient sample size for each group. Also, the method differentiating water from land
(Otsu, 1979) would have identified dense stands of vegetation such as N. lutea as land
even if they were in fact growing in water. Similarly, tree stands would be identified as
land even if they were completely flooded beneath the canopy. For these reasons, the
absolute elevations of the peaks identified in the elevation distribution histogram could
vary in part due to error in the method rather than an actual shift in dominant elevation.
Nevertheless, the reconstruction of historical island elevation changes and the relative
distribution of elevations and organization into distinct platforms is a significant result.
Multiple modeling studies have described tidal marshes as developing equilibrium
elevations as a result of negative feedbacks creating alternative stable states which are
resistant to perturbation (Marani et al., 2013; Da Lio et al., 2013; D’Alpaos et al., 2012).
To achieve these multiple stable elevations, plant communities must exhibit a high degree
of specialization with peak productivity at different elevations, and accretion rate must be
a function of plant productivity. Based on modeling work done on salt marshes, it has
been proposed that the signature of this process is multiple peaks in the elevation
histogram which correspond with vegetation type (Marani et al., 2013). The specialized
vegetation (Fig. 12c), emergence of distinct elevation groupings (Figs. 12, 14), abrupt
transitions between platforms, and close correlation with vegetation distribution (Fig. 12)

strongly suggests that alternative stable state theory applies to this location. This is a
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novel finding because such theory, largely recently developed for salt marshes, has not

previously been tested for a rapidly prograding delta environment.

4.2. EVIDENCE IN THE SEDIMENT RECORD FOR VEGETATIVE INFLUENCE ON

TOPOGRAPHIC CHANGE

Generally, alternative stable state theory assumes a positive correlation between
biomass and soil accumulation such that increased biomass is positively correlated to soil
organic matter accumulation (Marani et al., 2013; Da Lio et al., 2013; Mudd et al., 2009),
mineral sedimentation (Morris et al., 2002), or both (D’Alpaos et al., 2012). Vegetation
has been observed to influence topographic change in a tidal environment via several
mechanisms, including organic matter accumulation, mineral sediment accumulation
through water velocity attenuation, and erosion reduction by increased cohesion
(Lorenzo-Trueba et al., 2012; Leonard and Luther, 1995; Christiansen et al., 2000). If
these positive effects on elevation growth are balanced by negative factors like erosion
and compaction, the combined effect would be a negative feedback regulating a stable
elevation. The evidence from this study (Figs. 12, 13) suggests these negative feedbacks

are occurring at the WLD.

4.2.1 Organic sediment accumulation

In systems with low mineral sediment inputs like many salt marshes, organic
matter is the primary driver of elevation change (Marani et al., 2013; Mudd et al., 2009;
Nyman et al., 2006; Kirwan and Guntenspergen, 2012; Bricker-Urso et al., 1989).

Organic matter deposition is positively, and mineral sediment deposition negatively,
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correlated to elevation. If organic matter were the sole driver of elevation growth, as
elevation increases with added organic matter, less and less mineral sediment would be
deposited, so organic matter would need to account for most of the total growth.
Although there was some clear organic matter contribution to the vertical growth of
Pintail Island (Fig. 7), it was not sufficient to account for all the elevation change
required to achieve the differentiation from low marsh to high marsh indicated by the
remote sensing record. The mean total vertical contribution made by organic matter
ranges from a minimum of 1.4% of core length (Site 5H) to a maximum of 10.3 % of
core length (Site 2T), corresponding to approximately 9 cm of elevation gain. In contrast,
the difference in elevation between the high and low marsh of Pintail Island is
approximately 25 cm (Fig. 13), so the differentiation of elevation exhibited could not be
entirely a function of organic matter deposition. However, depending on the degree of
specialization, a small elevation difference can change biomass production significantly
(Morris, 2006), so a threshold elevation could be achieved by a small amount of elevation
growth contributed by organic matter, for example by making the local elevation more
favorable to a species that is better at trapping sediment. This could explain why there is
substantially less organic matter in cores from Site 5 than the other 4 sites (Fig. 6a, d),
especially 5H. Even Site 4H, only 15 cm higher, has approximately twice as much total
organic matter (Fig. 7), suggesting a strong positive feedback occurred between organic
matter production and elevation near or above MLWL causing rapid accumulation, with

further elevation growth by both organic and mineral sedimentation thereafter.
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Though the vegetation communities at the WLD have specific elevation ranges
(Fig. 12c), there did not appear to be a strong differentiation in organic matter
accumulation as a function of plant productivity. If organic matter inputs were the
primary mechanism of altering elevation, the sediment cores would likely exhibit a
higher degree of specialization in soil organic matter profiles between species and across
elevations. Site 3 was the only site to have significantly different total organic matter
contributions between 3H and 3T (Fig. 7). Similarly, cores taken within C. esculenta at
Sites 1H-3H had very similar organic matter profiles (Fig. 6d) and total organic matter
contributions (Fig. 7) across a range of elevations from 0.75 m (Site 1) to 0.47 m (Site 3).
In particular, Site 3 at 0.47 m was on the low end of the ideal elevation range for C.
esculenta (Fig. 2, 12c), and would be expected to be less productive and therefore
contribute less organic matter to the soil. The lack of variation indicates that organic
matter is likely not the mechanism driving the organization of island topography into
platforms. However, plant productivity indicators were not quantified in this study so it is
possible that the full range of plant productivity was not captured accurately. For
example, it became apparent in the field that microtopography exists such that at these
sites the herbaceous plots can be lower from 0- 5 cm (Sites 1-3) to 10 cm lower (Site 5)
than the tree plots. This effect might be compounded at lower sites as the difference in

inundation frequency would be larger.
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4.2.2. Mineral sediment accumulation rates

The rate of mineral sediment accumulation is generally expected to decrease as a
function of elevation due to decreased flooding frequency, less sediment delivered in the
event of a flood, and overall finer sediment delivered which would tend to deposit over a
larger area (James, 1985; Pizzuto, 1987; Leonard and Luther, 1995; Cahoon and Reed,
1995).The predicted maximum height would be approached at approximately the mean
high water level (D’Alpaos, 2011). Cahoon et al. (2011) used marker horizons in a
similar environment in the Mississippi River delta to confirm that accretion rates
decreased with increased elevation. We can place some bounds on the overall average
rate of sediment supply to the WLD based on the initial elevation of Atchafalaya Bay at
approximately -2 m above NAVD88 (Shaw et al., 2013) relative to the total deposition
required since the inception of the WLD to raise Pintail Island to its current elevation at
0.2-0.75 m above NAVD88 (Fig. 8a). Depending on the total accretion (2.2-2.75 m) and
assumed length of time deposition has been occurring (40-60 years), the average
deposition on Pintail Island could range from a minimum of 3.7 cm/yr to a maximum of
6.9 cm/yr. However, much higher rates might be expected initially, as lower elevations
would be flooded more frequently; repeated bathymetric surveys in the subaqueous delta
front show that flood events can deposit up to 50 cm of sediment at a time (Shaw et al.,
2013). Lower rates might be expected as elevation increased to near high water level.
This simple, time-averaged model also does not take into account the influence of large
discrete depositional events, which appear as peaks in the Pb-210 accumulation rates and

grain size profiles, and could explain the overall non-monotonic trends in these data (Fig.
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5). Event driven deposition has been observed in other deltaic studies (Esposito et al.,
2013; Shaw et al., 2013).

In contrast to the expected pattern of sedimentation, mineral sediment
accumulation rates at Sites 1-4 all showed a significant increase in sedimentation with
increasing elevation (decreasing depth) in the cores, while Sites 5H and 5T did not show
a significant trend with depth (Table 4). Modeling of salt marshes has suggested that an
accelerated growth rate of marsh elevation near MLWL is indicative of vegetation
exerting an influence on the accretion rate, though in the sediment limited environment of
many salt marshes, this has been attributed primarily to organic matter deposition
(D’Alpaos, 2011). This increased mineral sedimentation is consistent with previous
findings that water velocity and turbulence are inversely related to stem density (Leonard
and Luther, 1995; Nepf, 2012; Christiansen et al., 2000; Gleason et al., 1979). In two out
of three sites with two plant species above MLWL (Sites 1-3), the accumulation rates in
the herbaceous vegetation plot was higher than rates in the tree plots (Table 4),
suggesting that the relatively higher stem density of the C. esculenta may be having a
stronger effect on sedimentation rates. The overall higher variability in mineral
accumulation rates across the herbaceous sites (Fig. 6f) in comparison to the tree sites
(Fig. 6¢) is consistent with expected differences in productivity given the range of species
and elevations captured by these sampling sites, and therefore could be a factor in driving
the alternative stable state process.

Though the consistent correlation between accumulation rates and elevation

across Sites 1-4 lends confidence to this interpretation, uncertainty associated with the
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correction for core compression could have had an effect on the Pb-210 dating analysis
due to its dependence on accurate depths and densities. Also, the Pb-210 CRS dating
model used to find accumulation rates was based on the assumption that the excess Pb-
210 was supplied to the sediment surface at a constant rate throughout core. If the rate of
supply actually decreased, the apparent sediment accumulation rate would go up over
time, which could theoretically have contributed to the observed higher accretion rates at
shallower depths in the cores. The lack of a significant trend at Site 5 could indicate
steady growth, or could be the result of lower clay content for >*°Pb to adsorb to, causing

low activities which are hard to measure accurately.

4.2.3. Grain size patterns

The observed negative correlation between elevation and median grain size at the
WLD is consistent with the expected abiotic morphodynamics of delta island levee and
mouth bar deposition in which higher elevations experience fewer inundation and
deposition events, less and finer sediment delivered from higher in the water column, and
lower shear stresses associated with lower water depths (Allen, 1992; Woolnough et al.,
1995; James, 1985; Pizzuto, 1987).Variation around this general trend is also expected, as
fluctuating water and sediment levels create different depositional regimes throughout the
year, resulting in interbedded sands and muds (Esposito et al., 2013). This fining upward
trend is also consistent with the observed higher total sedimentation rates with decreasing
depth. If vegetation is in fact increasing mineral sedimentation by slowing water velocity,

this would also tend to decrease the average grain size of the deposited sediment (Bos et
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al., 2007; Yang et al., 2008; Yang, 1998; van Hulzen et al., 2007). However, since
vegetation would only enhance a fining upward trend that can also be attributed to abiotic
factors, evidence in the core record is insufficient to verify this vegetation- dominated
mechanism. The significantly lower median grain size at herbaceous sites 1H and 3H
compared to tree sites 1T and 1H suggests that the higher stem density of the herbaceous
vegetation could be accelerating this fining upward trend, but there is not a clear pattern
across all sites.

Some variability in observed grain size distributions and profiles was also likely a
result of spatial heterogeneity and microtopography, such as the abrupt sandy layer at
Sites 1T and 2T at about 40 cm depth, which did not appear at Sites 1H and 2H.
Historical photos show that the distribution of tree stands at Site 1 and 2 appears to be
controlled by the location of old channels that cut through the levee, and sites presently
dominated by herbaceous vegetation were previously channels. In the event of a large
flood and corresponding sandy deposit, it is possible that deposition either did not occur
or was not preserved in these channels(now 1H and 2H) but was preserved on adjacent
lands that were higher at the time (now 1T and 2T). Therefore, local-scale historical
morphodynamics not only partly explain the sedimentation recorded in the cores, but also
likely some of the present ecological arrangement of the island vegetation community.

In general, clay and silt deposits increase cohesion, requiring higher velocities to
entrain than their size alone would suggest, though low velocities are typically required
for deposition. Overall, the median grain size of these core profiles frequently falls below

the 62 micron threshold between sand and silt, indicating the presence of a substantial
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amount of silt and clay in the shallow subsurface. The observed upward fining of mineral
sediment should produce increased cohesion on the island top as a result of the increasing
dominance by muddy material. Though unclear how much this fining upward is the result
of vegetative growth, this increased cohesion could potentially have a significant effect
on mouth bars and levee dynamics that control island initiation and overall delta
geometry (Edmonds and Slingerland, 2009; Hoyal and Sheets, 2009; Rowland et al.,

2010).
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5. CONCLUSION

The evidence from Pintail Island further confirms that Wax Lake Delta island
development is consistent with previous delta studies; however, the specific patterns of
organic vs. mineral sediment accumulation, accumulation rates over time and space, and
relations to island elevation and vegetation zonation provide new insights into possible
feedbacks between ecologic succession and geomorphic processes.

The self-organization of island elevations into distinct platforms coincident with
vegetation distribution suggests that alternative stable state theory applies WLD
ecogeomorphological dynamics. Based on the evidence from the core and remote sensing
analyses of Pintail Island, it seems likely that the spatial arrangement of the levee and
intra-island platform, initially formed by abiotic processes, is altered by levee vegetation
sieving more and finer sediment out of flowing water when flooded, creating a higher and
more cohesive levee system and reducing sediment availability towards the interior of the
island.

This study found some contribution to vertical island growth by organic matter,
but not a sufficient amount to account for all the elevation change required to achieve the
differentiation from low marsh to high marsh deduced from the time-lapse Landsat
imagery analysis. Mineral sediment accumulation rates suggested that elevation growth
was accelerating or holding steady over time, in contrast to theory suggesting rates should
slow with increasing elevation. At two of the five field sites, this effect appeared stronger
among the more dense stems of herbaceous vegetation than among the more sparse stems

of mature trees. Mineral sedimentation appeared to prevail over organic sedimentation as
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the main factor for elevation change along the levee on Pintail Island, in contrast to
current models sedimentation in somewhat analogous salt marsh systems.

If enhanced mineral sedimentation within levee vegetation indeed restricts the
ability for sediment to traverse the levee and reach the island interior, then the levee
should be more resilient than the interior island region to sea level rise or minor changes
in sediment supply. Overall, the existence of multiple stable elevations in a delta such as
the WLD has implications for the ecology and stability of coastal marshes. In particular,
the issue of land loss in coastal management may benefit from a focus on stable or
unstable marsh conditions in low gradient tidal systems where it is difficult to define the

transition from land to water.
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