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The Mississippi River Delta is one of themost rapidly changing area on Earth, with large areas experiencing land
loss and smaller areas experiencing loss.While someof the drivers of these changes arewell known (high rates of
relative sea level rise, reduced sediment inputs, canal dredging), debate exists about other drivers. One area that
has received substantial attention is the role of, “river diversions,” areas where sediments andwater are diverted
from the Mississippi River into degrading wetlands with the hope of reinitiating deltaic land building processes.
Some authors have argued that diversions lead to reduced shear strengths of wetland soils thatmake themmore
vulnerable to storm driven erosion, while other authors have argued that sediments from river diversions will
develop stable land. This study examined this controversy in the Cubits Gap Subdelta, an analogue for a large
(N1420 m3 s−1) river diversion by testing the hypothesis that areas of land gain, and/or resilience to erosion oc-
curred in areas that actively received river sediments and as a result had mineral rich soils with high shear
strength. To accomplish this, a Normalized Difference Water Index (NDWI) was developed for Landsat-7 En-
hanced Thematic Mapper (ETM+) and Landsat-8 Operational Land Imager (OLI) images. The NDWI was calcu-
lated from (Blue − SWIR) / (Blue + SWIR), where SWIR is the shorter wavelength, and yielded land/water
boundarymapswith 30m resolution. Results indicate that land gain occurred predominantly in the riverside sec-
tion of this subdeltawhere sedimentswere imported fromMississippi River crevasses and/or dredging. Land loss
typically occurred in the distal regions of the subdelta, which had lower levels of sediment supply and greater
wave exposure. Sediment geotechnical analyses revealed land loss pixels generally correlated sediments with
to high organic contents (9.0 ± 1.9%), water contents (54.8 ± 3.7%) and salinity (6.5 ± 2.0 PSU), with low
shear strengths (5.7 ± 0.8 kN m−2) and low bulk density (0.6 ± 0.8 g cm−3), whereas land gain pixels
generally correlate with low organic content (3.9 ± 0.6%), water content (38.1 ± 4.2%) high shear strength
(10.9 ± 4.1 kN m−2) and bulk density (1.00 ± 0.1 g cm−3). This study suggests plans to restore the region by
partially diverting the flow of the Mississippi River will be most successful if they carry high loads of sediment,
and that concerns about the integrity of fresh marsh may be unwarranted if those marshes are sediment rich.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The modern deltaic plain of Louisiana consists of approximately
25,000 km2 of wetlands, bays, rivers, and bayous that were created as
the Mississippi River deposited sediments in the shallows reaches of
the northern Gulf of Mexico over the past 7000 years (Roberts, 1997).
During the past century, nearly 4877 km2, or ~25% of the land area of
coastal Louisiana, converted from land to open water (Couvillion et al.,
2011). This land loss makes the Mississippi River Delta one of the
most rapidly changing environments on earth (Giosan et al., 2014;
Environmental Science, Tulane

er@lumcon.edu (A.S. Kolker),
Syvitski and Saito, 2007). The causes of this land loss are complex and
often interact. Reduced sediment inputs, coupledwith high rates of sub-
sidence have resulted in a situation in whichmanymarshes can no lon-
ger accrete at rates necessary to keep pace with sea-level rise, which
leads to land loss (Reed, 2002, LACPRA 2017, Day et al., 2007, Kolker
et al., 2011). Hurricanes, wave driven erosion, canal construction, salt-
water intrusion, eutrophication and invasive species have also played
a major role in driving land loss in Louisiana (Howes et al., 2010;
Turner, 1997; Darby and Turner, 2008). The processes that drive land
loss, and land gain, in the Mississippi River Delta are potentially signifi-
cant globally given that deltas across the planet are shrinking and sink-
ing as a result of human activities (Syvitski and Saito, 2007; Giosan et al.,
2014).

To offset this ongoing land loss, the State of Louisiana crafted a
“Comprehensive Master Plan for a Sustainable Coast” (LACPRA, 2017).
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This plan pursues multiple strategies for restoring wetlands and
protecting existingwetlands and coastal communities. One noteworthy
strategy is to partially divert the flow of the Mississippi river, which
should reinitiate the natural land building processes that originally
formed the delta (LACPRA 2017, Roberts, 1997, Kim et al., 2009). This
strategy of, “river diversions,” is based, in part, on observations that
the few areas of delta growth are the areas that actively receive river
water including the outlets of the Atchafalaya River, regions of the
Birdsfoot Delta of the Mississippi River, and small areas around the
Caernarvon and Davis Pond Freshwater Diversions (Wellner et al.,
2005;Wells and Coleman, 1987; Roberts, 1997). A summary of these di-
version structures is presented in Table 1.

There has been marked controversy surrounding river diversions
and their role in coastal change. Some authors have suggested that
freshwater diversions adversely affect marsh stability because they re-
sults in fresh, eutrophicmarsheswith plant rootswith reduced structur-
al integrity relative to salt marshes (Teal et al., 2012; Howes et al., 2010;
Kearney et al., 2011). These authors often point to the Caernarvon Di-
version and the response of marshes in nearby Breton Sound to Hurri-
cane Katrina. Here, diversion-influenced freshwater marshes were
readily eroded by the storm,whereas nearby uninfluenced salt marshes
were more resilient to the storms impacts (Barras, 2006; Howes et al.,
2010). This was attributed to the increased root structure, and corre-
sponding increase in shear strength of salt marsh vegetation relative
to fresh marsh vegetation. Some authors have cited these observations
when suggesting that river diversions are not a worthwhile tool to re-
store the Mississippi River Delta (Turner et al., 2007; Kearney et al.,
2011).

However, other authors have pointed out that the CaernarvonDiver-
sion does not transport large quantities of sediment to wetlands, given
its relatively small discharge (Table 1), and shallow invert depth (Day
et al., 2016a). This opposing view holds that it is the dearth of mineral
sediments rather than the inputs of nutrient rich freshwater that is pri-
marily responsible for the weakened marshes. Those ascribing to this
viewpoint suggest that larger and deeper diversions, which transport
greater quantities of both sediment and water, should result in greater
land development, and marshes that are more resistant to erosion
(Day et al., 2016b; Tornqvist et al., 2007).

Remote sensing technology has been used to identify changes in
land and water area in the Mississippi River Delta, on time scales that
range from multi-decadal to annual (e.g. Britsch and Dunbar, 1993;
Barras et al., 2003; Couvillion et al., 2011), to event/seasonal scale
(Barras, 2006). This has been accomplished using moderate resolution
systems such as Landsat TM to high resolution systems such as
QuickBird; IKONOS, and GeoEYE-1 (Palaseanu-Lovejoy et al., 2011 and
Palaneasu-Lovejoy et al., 2013). Most of these earlier studies employed
principal components (PCA), independent components analysis (ICA),
Table 1
Active and planned sediment diversions in Louisiana, including their original purpose and
mean annual water discharge (Allison and Meselhe, 2010; Allison et al., 2012; LACPRA,
2017).

Diversion name Purpose Water (km3/year)

Atchafalaya River Delta
Wax Lake Outlet Flood control 109
Main Atchafalaya River Flood control 129

Mississippi River Delta
West Bay Land building 33
Cubit's Gap Natural 52
Baptiste Collette Natural 49
Bonnet Carre Spillway Flood control 2
Davis Pond Salinity control 3
Caernarvon Salinity control 2
Bohemia Spillway Flood control 1

Planned
Mid Barataria Land building ~67
Mid Breton Land building ~31
Ama Land building ~45
and an analysis of tasseled cap transformation (TCT) components to
developed expanded set of water and vegetation. This work used
Landsat-based indices such as blue ratio, Braud index, green normalized
difference water index (GNDWI = (Green − NIR) / (Green + NIR)),
normalized difference vegetation index (NDVI = (NIR − Red) / (NIR
+ Red)), normalized difference water index (NDWI = (NIR − SWIR)
/ (NIR + SWIR)), simple and inverse ratio, and near infrared (Blue/
NIR) ratio to produce continuous fractional water maps that are classi-
fied into land/water categories using an optimization procedure
(Barras et al., 2003; Atkinson and Mahony, 2004; Palaseanu-Lovejoy et
al., 2011). Finally, classified images from different time periods were
subtracted from each other to determine the amount and percentage
area change.

Land loss studies have used the spectral water index, which is a nu-
merical indicator derived from two or more visible and shortwave-in-
frared (SWIR) spectral bands of the electromagnetic spectrum to
determine the boundaries between land and water bodies. The NDWI
is derived from the SWI and has values that range from −1 to 1,
where positive values indicate that the cover type is water and negative
if the cover type is non-water. An appropriate threshold of the index has
to be established to separate water bodies from other land-cover fea-
tures based on the spectral characteristics (Ji et al., 2009). McFeeters
(1996) adopted the format of the normalized difference vegetation
index (NDVI), and developed the normalized difference water index
(NDWI), defined as:

NDWI ¼ BGreen–BNIRð Þ= BGreen þ BNIRð Þ ð1Þ

Where zerowas set as the threshold, the cover type is water if NDWI N 0
and it is non-water if NDWI ≤ 0.

Rogers and Kearney (2004) used red and SWIR bands to produce
NDWI, given by:

NDWI ¼ Bred−BSWIRð Þ= Bred þ BSWIRð Þ ð2Þ

Xu (2006) modified McFeeters' NDWI, in which the SWIR band was
used to replace the NIR band, the threshold value forMNDWIwas set to
zero, given by:

MNDWI ¼ BGreen–BSWIRð Þ= BGreen þ BSWIRð Þ ð3Þ

Ouma andTateishi (2006) testedfive different forms of NDWIs using
the reflectance bands of Landsat TM/ETM for detecting andmapping the
changes of lake shorelines. They ranked the NDWIs in order of theworst
to the best performance for detecting water features as follow:

NDWI‐1 ¼ B7–B5ð Þ= B7 þ B5ð Þ ð4Þ

NDWI‐2 ¼ B4–B2ð Þ= B4 þ B2ð Þ ð5Þ

NDWI‐3 ¼ B5–B4ð Þ= B5 þ B4ð Þ ð6Þ

NDWI‐4 ¼ B5–B2ð Þ= B5 þ B2ð Þ ð7Þ

NDWI‐5 ¼ B7–B2ð Þ= B7 þ B2ð Þ ð8Þ

Ji et al. (2009) tested all of the above mentioned NDWIs to know
which NDWI indices give best result for delineating water features,
and to determine the appropriate NDWI threshold so that the
water, non-water, and mixture features can be distinguished. Their re-
sults indicated that the NDWI calculated from (BGreen− BSWIR) / (BGreen
+ BSWIR), where SWIR is the shorter wavelength region (1.2 to 1.8 μm),
which is equivalent to Landsat spectral bands (B2 − B5) / (B2 + B5) has
the most stable threshold. The present study develops a new algorithm
for determining the fraction land and water that builds on these earlier
studies, but which yields results with greater precision.
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One intriguing place to investigate the processes that drive land loss
and land gain in the Mississippi River Delta is the Cubit's Gap Subdelta
wetland complex, which functions in an analogousmanner to the diver-
sions envisioned by Louisiana's Master Plan (Table 1; LACPRA, 2017;
Kim et al., 2009, Wells and Coleman, 1987). This ~200 km2 fan-shaped
wetland complex is connected hydrologically connected to the Missis-
sippi River through a 1.2 km wide crevasse channel. This channel,
Cubit's Gap, has an average discharge of ~1650 m3 s−1

(58,000 ft3 s−1), and many of the large diversions envisioned by
Louisiana's Master Plan are carry between 1400 and 2100 m3 s−1

(50,000 ft3 s−1–75,000 ft3 s−1; LACPRA, 2017). The vegetation within
Cubit's Gap Subdelta ranges is dominantly fresh and intermediate
marsh, with fresher marshes located towards the proximal end of the
delta and intermediate marsh located towards the distal end (Fig. 1).
The CGSD developed downstream of an artificial crevasse located
5.3 km above Head of Passes that was created in 1862, and which was
originally ~120 m wide (Wells and Coleman, 1987). Over the ensuing
century, the crevasse expanded and the system built 193 km2 of land
by 1946, after which the area experienced ~100 km2 of net land loss
(Wells and Coleman, 1987). Despite this land loss, there were some
areas of land gain, including areas downstream of 24 artificial crevasses
that were put in place between 1983 and 1995, andwhich led to the de-
velopment of 2.7 km2 of land during that time (Boyer and Turner, 1995).

In order to address the controversy surrounding river diversions and
their potential role as creators of land (e.g. Kim et al., 2009,
LACPRA 2017) or drivers of wetland loss (e.g. Kearney et al., 2011),
this study developed novel methods for examining land area changed
and coupled these observations with in situ geotechnical measure-
ments. The previously published Normalized Difference Water Index
(NDWI) (Xu, 2006) could not identify the mixed land/water pixels
from pure land and pure water pixels. This study developed a modified
Landsat NDWI for mapping sub-pixel land/water boundaries for accu-
rately calculating land loss and land gain in the coastal areas. These
Fig. 1. Location of Cubit's Gap Subdelta and surrounding water bodies on Landsat OLI image b
methods were used evaluate the hydrodynamic and geotechnical pa-
rameters that are associated with land loss or gain in river influenced
and non-river influenced settings. More specifically, this study tested
the hypothesis that areas of land gain, and/or resilience to erosion oc-
curred in areas that actively received river sediments and as a result
hadmineral rich soils with high shear strength. Alternatively, degrading
marshes in regions experiencing land loss, were hypothesized to occur
in marshes with less river influence, higher organic contents, and re-
duced shear strength.

2. Methods

2.1. Data

Land loss and land gain was determined for the period 2000–2015,
duringwhich 11 tropical cyclones passedwithin 150 kmof the study re-
gion, of which 6 were hurricanes. (Not included in this count is Hurri-
cane Ike, which passed outside of the study region, but which
nonetheless produced a storm surge in coastal Louisiana that was simi-
lar inmagnitude to that of Hurricane Gustav; Hurricane Ivanwas count-
ed once, even though it passed through the Gulf of Mexico twice.) In
contrast the period 1984–1999 experienced only 7 tropical storms, of
which 5were hurricanes. In this study, this teamof authors used the vis-
ible/near-infrared (VNIR) and shortwave infrared (SWIR) bands of
Landsat-7 Enhanced Thematic Mapper (ETM+) for an image collected
on October 28, 2000; and a Landsat-8 Operational Land Imager (OLI)
imagewas collected on October 14, 2015. The two imageswere selected
to have similar environmental conditions; they were acquired on the
same time of year (October), and have similar spectral and spatial reso-
lution, and similar water levels (Supplementary Table 1). SPOT-7 high
resolution image acquired on October 13, 2015 at 16:6:37 (only one
day before the Landsat OLI image) for the study area was used for vali-
dating the results of calculated NDWI. The multispectral image of SPOT
ands 7, 5, 3 in RGB. Red squares are locations of field sites. Louisiana image is from USGS.
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consists of 4 bands in blue, green, red, and near-infraredwavelengths at
6 m pixel size.

2.2. Normalized Difference Water Index (NDWI)

The Landsat ETM+ and OLI images were radiometrically calibrated
to the top-of-atmosphere reflectance (scaled 0.0 to 1.0) using the
image's gains, offsets, solar irradiance, sun elevation, and acquisition
time defined in the metadata, and we also compared the Landsat TOA
reflectance images with the surface reflectance images. The design of a
spectral water index was based on the fact that deep water absorbs
most of the SWIR and reflects a small portion of the visible light; shallow
water reflects more visible light and less SWIR; vegetation and soil on
the other hand absorb most of the visible light, and reflects a large por-
tion of the SWIR. Given that the highest reflectance of water is in the
blue-wavelength and the lowest reflectance is in the SWIR (Supplemen-
tary Figs. 1, 2 and 3), one can propose a general formula of the NDWI as
the normalized difference between the blue band and the SWIR band

NDWI ¼ BBlue–BSWIRð Þ= BBlue þ BSWIRð Þ ð9Þ

Where SWIR is the shorter wavelength region (1.55–1.75 μm); equiva-
lent bands in Landsat-7 ETM+ NDWI = (B1 − B5) / (B1 + B5); and
equivalent bands in Landsat-8 OLI WI = (B2 − B6) / (B2 + B6).

2.3. Image classifications

In order to derive a land/water map at the 30-m scale, the resulting
fractional NDWI maps were classified into land/water categories using
an ISODATA unsupervised classifier (Mather, 2004; Memarsadeghi et
al., 2006). ISODATA calculates class means evenly distributed in the
data space, and then iteratively clusters the remaining pixels usingmin-
imumdistance techniques. Landsat ETM+ andOLI NDWIwere classified
into three classes, water, non-water, and mixed-water. A confusion
(error) matrix was used to show the accuracy of classification results
of Landsat ETM+ and OLI by comparing a classification result with the
ground truthed regions of interest. A confusion matrix is an effective
way to represent accuracy in that the accuracies of each category are
plainly described along with both the errors of inclusion (commission
errors) and errors of exclusion (omission errors) present in the
Fig. 2. Natural Difference Water Index (NDWI): A) 2000 Landsat ETM NDWI of
classification (Congalton, 1991). Overall accuracy, producer's accuracy,
user's accuracy and Kappa statistics are generally reported (Foody,
2002; Plourde and Congalton, 2003). Water, non-water, and mixed-
water classes were considered for accuracy assessment with the mini-
mum of 1000 sample point for each category. Overall accuracy, user's
and producer's accuracies, and the Kappa statistics were derived from
the error matrices to find the reliability and accuracy of the maps
produced.

2.4. Change detection analysis

Quantification of the percent land change from 2000 to 2015 was
done by image subtraction method by subtracting classes from the
other (Jensen, 1996; Coppin et al., 2004; Klemas, 2011) using ArcGIS
software. Class statistics were calculated for each initial state class and
the final state image.Water levels were checked for imagery acquisition
dates and times at Coastal Reference Monitoring System (CRMS;
lacoast.gov/crms) water stations.

2.5. Field sediment sampling

Seven field sampling sites were selected based on their designation
of land loss, land gain, or no change, as determined from the remote
sensing analysis. Three sites (locations 1, 5, 7) had the additional advan-
tage in that they were located ~500 m frommonitoring stations run by
the Coastwide Reference Monitoring Service (CRMS; lacoast.gov/crms),
which collects data onwater level, temperature, salinity, sediment rates,
and vegetation pattern in a nearly continuous basis. Four to six short
(~30 cm) push cores were collected at each of the seven field sites, to-
taling 36 short cores using hand-coring devices. Subtidal marshes
were collected using a coring device with a 7 cm (ID) core barrel and
subaerial coreswere collectedwith a devicewith a 7.6 cm (ID) core bar-
rel. Marsh position and elevation was determined using a real time ki-
nematic (RTK) GPS; in cases were there marsh was flooded, water
depths was measured with a meter stick. Cores were returned to the
laboratory within 48 h of collect and kept in a cold room at ~4 °C until
they were sampled.

Cores were cut lengthwise, with different analyses conducted on
each half of the core. One half was subsampled at 2 cm intervals for
the top 4 cm and then at 4 cm intervals down to a depth of 30 cm. In
Bands 1 (blue) and 5. B) 2015 Landsat OLI NDWI of Bands 2 (blue) and 6.



Fig. 3. Natural Difference Water Index (NDWI): A) 2000 Landsat ETM NDWI of Bands 2 (green) and 5. B) 2015 Landsat OLI NDWI of Bands 3 (green) and 6.
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each intervalwater contentwas determined by drying samples to a con-
stant weight at 60 °C; organic content was determined by combusting
samples at 450 °C for 6 h, and bulk density was calculated using the
water content and the fraction lost on ignition (LOI) using methods in
Kolker et al. (2012). Aliquots of wet samples (~1 g) were removed
from wet samples to be run for particle size analysis. Sediments were
treated with 2 ml of H202 for 8 h at room temperature to remove or-
ganics and 15 ml of Na(PO3)6, for 12 h at room temperature
deflocculates fine particles, after which they were run on a Beckman-
Coulter LS 13320 Laser Diffraction Particle Size Analyzer.

The second lengthwise half of the core was used to sample
porewater salinity and to calculate sediment shear strength. Torque
measurements using a Seiken shear vane pushed into the core half at
4 cm intervals and converted into shear strength using Eq. (10)
(seikensha.com).
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Where (τ) the shear strength (kNm−2), Mmax is themaximum revolv-
ing moment (kN m−2), D is the vane width (m), and H is the vane
height (m). Porewater salinity was measured from the cores as a
proxy for the long-term salinity of the marsh (Lara and Cohen, 2006).
A sample was collected in the core half by extracting ~20 g of the sedi-
ment and spinning it at 2500 rpm in a centrifuge for ~5 min. Superna-
tant was removed via pipette and pore-water salinities were
measured using a hand-held refractometer.

A Geographic Information Systems (GIS) spatial analyst inverse dis-
tanceweighting (IDW) interpolation techniqueswas used to create sur-
face maps of the geotechnical parameters including water content, LOI,
salinity, bulk density, and shear strength. IDW is a deterministic inter-
polationmethods based on the extent of similarity of cells using the lin-
ear-weighted combination set of sample points. The weight assigned is
a function of the distance of an input point from the output cell location.
The greater the distance, the less influence the cell has on the output
value (ESRI.com).
3. Results

3.1. NDWI for water delineation

The newly developed Natural Difference Water Index (NDWI) was
calculated for the Landsat 2000 ETM image and the 2015 OLI image
using the natural difference between the highest and lowest reflectance
bands (blue and SWIR) (Eq. (9); Fig. 2; Table 2). For comparison, this re-
search also calculated the NDWI of (Eq. (3)) using bands (green and
SWI; Fig. 3). The results indicated that the newly developed NDWI of
(Eq. (9) was able to determine thewater/land boundaries, and separate
mixed water pixels better than the NDWI of Eq. (3). The NDWI values
are a ratio that ranges from−1 to 1, with negative values (b0) indicat-
ing land that includes soil and vegetation, and positive values (N0) indi-
cating water. In general, if the NDWI ranges from −1.0 to −0.2 the
pixel is 100% land; if the NDWI ranges from −0.2 to 0.0 the pixel is a
majority land and a minority water; if the NDWI is 0.0 to 0.49 the
pixel is a majority water and a minority land; and if the pixel is 0.5 to
1.0 it is 100% water. While it is possible that sediment in river water
could result in some water-dominated pixels being classified as land,
we note the surface reflectance images of the area show reflectance in
the blue band, and that the maximum difference between land and
water occurs in the blue band, suggesting that this concern has not
been manifested in this case (See supplemental data 2A and 2B). Pixels
of water fractions 66%, 60%, and 55% have negative NDWI values
(−0.01, −0.06, and −0.09), respectively (Figs 4 A&B). Pixels needed
to include N90% water to be identified as, “water” because of the lower
water reflectance of the green band than the blue band (Table 3). The re-
sults were evaluated using SPOT-7 high spectral resolution (6-m pixel
size). SPOT-7 image was taken only one day before the Landsat OLI
image. For overlay analysis, zoomin views of Landsat OLI NDWI (pixel
size is 30-m) and SPOT-7 (pixel size is 6-m) were created where one
OLI NDWI pixel include 18 SPOT-7 pixels which is equal to 1.6-m spatial
resolution. The high spatial resolution zoomin SPOT-7 images show
clearly the land/water transition at 1.6-m resolution and water fractions
were calculatedmanually for themixedwater pixels. The overlay visual-
ization analysis confirmed the Landsat NDWI thresholds (Fig. 4 C&D).

The Landsat 2000 ETM+ and 2015 OLI NDWIs were classified into
three classes (water, non-water (land), and mixed-water) based on
the fractionalwater component (Fig. 5). The results of classified Landsat

http://ESRI.com


Fig. 4. Zoomed in view of Landsat OLI NDWI values andwater area (WC) percentage in the pixel: A) 2015 Landsat OLI NDWI of Bands 2 (blue) and 6. B) 2015 Landsat OLI NDWI of Bands 3
(green) and 6. C) SPOT-7 zoomin view of the same area of Fig. A. D) SPOT-7 zoomin view of the same area of Fig. B.
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2000 ETM+ NDWI show that the water class covers about 73.3%, the
land (non-water) 19.02%, and mixed-water 7.5% while the classified
2015 OLI NDWI has 68.3 water, 23.1 land, and 8.4 mixed-water (Table
4). Classification accuracy assessments using the confusion matrix
were performed on the 2000 and 2015 Landsat NDWI classified maps
to quantify the reliability of the data sets (Supplementary Tables 2&3).
The overall accuracies of all classified maps were above 99% confidence
level, and Kappa statistics are well above 0.9. The classification accuracy
reflects how well the water, non-water and mixed-water classes were
identified from the newly developed NDWI.

3.2. Change detection of land/water changes

The Landsat 2000 ETM+ classified NDWI was subtracted from the
2015 OLI classified NDWI using GIS spatial analysis to quantify land
loss changes. Each pixel in the classified maps was compared on a
pixel-by-pixel basis. A resultant spatial trend data set is created
identifying the changes among the classified land and water data sets.
A change pixel was classified as: (1) land changed to water (loss), (2)
mixed-water changed to water (loss), (3) land to land or water to
water (no change), (4) water changed to land (gain), or (5) mixed-
water changed to land (gain) (Table 5; Fig. 6).

The study area is about 589.5 km2, and encompasses all of the CGSD
and surrounding environments. This remote sensing analysis indicates
that in the fifteen year between 2000 and 2015, the CGSD experienced
about 84-km2 of land gain that represents approximately 14.2% of the
total area. About 29.1 km2 (4.9%) of water areas changed to land, and
54.9 km2 (9.3%) of mixed water/land areas changed into permanent
land. Land gains were predominantly located in three settings: (1) cre-
vasse splays cut in subchannels in the central delta (e.g., Octave Pass and
Brant's Pass), (2) infilled canals along the west flank of Main Pass, and
(3) dredge spoil zones in southwestern delta. There is about 38.1 km2

land loss which represents approximately 6.4% of the study area.
There are about 21.0 km2 (3.5%) of land, and 17.1 km2 (2.9%) of



Fig. 5. Landsat NDWI classified map: A) 2000 Landsat ETM+. B) 2015 Landsat OLI.
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wetlands changed into permanent water. Land loss is typically found in
(1) ocean-fringingmarshes, or (2) at the border of large ponds along the
eastern edge of the CGSD.

3.3. Geotechnical results

The properties of all cores are summarized here, with a particular
focus on the top 16 cm, which roughly corresponds to the active rooting
zone and the area of maximum impacts during Hurricane Katrina
(Howes et al., 2010; Turner et al., 2007). The data are available in full
in the supplementary material. Water content ranged from 18.3 to
87.9%, with an average value of 49.0 ± 14.0 for the top 16 cm of the
30 primary cores. Water content decreased with depth in 10 cores and
increased with depth in 5 cores (Supplementary Table 4 and Fig. 4).
Loss on ignition (LOI) values ranged from 0.48 to 79.0%, and averaged
8.8± 13.3% for all the top 16 cmof the 30 primary cores. Shear strength
ranged from0.21 to 35.4 kNm−2 and averaged8.0±5.1 kNm−2 for the
top 16 cmof the 30 cores. The coreswith the lowest shear strengthwere
7B, 5D, and 6C, and the cores with the highest shear strength 2C, 2D, 3C,
and 3E. Overall, bulk density ranged from 0.12 to 1.63 g cm−3 and aver-
aged 0.79 g cm−3. Across all cores, porewater salinity ranged from 0 to
15.88 ppt and averaged ~4 ppt. The sediments from CGSD were com-
posed of sandy silts; the average median grain size for all core intervals
was 32.0 ± 17.3 mm, and whiles the mean grain size for the top 16 cm
of all cores was 30.8 ± 15.4. The average d10 was 1.6 ± 1.0 mm for
all cores and 1.7 ± 1.1 for the top 16 cm, while the average d90 was
87.3 ± 71.3 mm for all cores and 75.1 ± 42.1 mm for the top 16 cm.
Overall, water content and organic content are positively and strongly
correlated (Supplementary Fig. 5). Bulk density and shear strength are
strongly correlated, as are water content and shear strength. Though
Table 2
Reflectance % of water and land transects on Landsat ETM+ and Landsat OLI bands measured a

Sensor Landsat-7 ETM+

Band B1 B2 B3 B4 B5 B7

Blue Green Red NIR SWIR SW

Water ref% 0.13 0.10 0.080 0.03 0.040 0.0
Land ref% 0.12 0.09 0.079 0.13 0.137 0.0
the relationship between LOI and shear strength suggests a correlation,
it is not significant at the p b 0.05 level. There are no significant relation-
ships between grain size and either shear strength, water content, LOI,
bulk density.

The distance from the Mississippi River was a strong predictor of
geotechnical properties (Supplementary Fig. 6). Water content and
LOI were significantly and positively related to the distance from the
Mississippi River, whereas shear strength and bulk density were nega-
tively related to the distance from the Mississippi River. Areas with
land loss generally correlate to high values of average water content,
LOI, and salinity, where areas of land gain generally correlate to lower
values (Fig. 7 a, b and c). Areas with high shear strength and bulk den-
sity correlate to areas of land gain, where areas of land loss correlate
to low shear strength and bulk density values (Fig. 7 d and e).

4. Discussion

4.1. Land area change in Louisiana

Coastal Louisiana has experienced large-scale changes in land area
over the past century (Reed, 2002, LACPRA 2017, Couvillion et al.,
2011, Roberts, 1997). The system is dominated by land loss, which has
been linked to numerous drivers that include high rates of relative
sea-level rise, reduced rates of sediment deposition, the construction
of canals, hydrological changes, eutrophication, invasive species, and
wave driven erosion (Reed, 2002; Tornqvist et al., 2007; Kolker et al.,
2011; Darby and Turner, 2008; Day et al., 2007). Land gain is largely
confined to small areas near the mouth of the Mississippi and Atchafa-
laya Rivers, including the CGSD (Wells and Coleman, 1987; Day et al.,
2007; Kolker et al., 2011; Wellner et al., 2005).
t location of the field sites.

Landsat-8 OLI

B2 B3 B4 B5 B6 B7

IR Blue Green Red NIR SWIR SWIR

02 0.10 0.083 0.068 0.02 0.004 0.003
57 0.95 0.074 0.064 0.16 0.150 0.084



Table 3
Hypothetical example of mixed water/land pixels.

Category Pure water Water fraction Land fraction Pure land

Pixel

Water area in the pixel 100% water Water N land Land N water 100% land
NDWI value 1.0–0.5 0.49–0 0 to −0.2 −0.2 to −1.0
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Land change processes in the CGSD are particularly interesting to
study because it is an analogue for the kind of large-scale river diversion
that is envisioned by Louisiana's Master Plan for a Sustainable Cost
(LACPRA 2017). The average discharge into Cubit's Gap is 1650 m3 s−1

(58,000 ft3 s−1), whereas many of the diversions envisioned by
Louisiana's Master Plan have maximum capacities of 1420–
2100 m3 s−1 (50,000–75,000 ft3 s−1; LAPCRA 2012, LACPRA, 2017,
Esposito et al., 2013, Allison et al., 2012) The CGSD is also experiencing
both land loss and land gain,which allows one to address the controver-
sies around the influence of river inputs and hurricanes on land devel-
opment and erosion in the Mississippi River Delta (Howes et al., 2010;
Turner et al., 2006; Tornqvist et al., 2007). Specifically, this study tested
the hypothesis that areas of land gain in the CGSD received high inputs
of mineral-rich river water, whereas areas of land loss were located in
areas with reduced mineral inputs and high exposure to storms. This
hypothesis was tested using multiple analyses of the data.
4.2. Relationships between land change and sediment properties

In the first analysis, this team of authors examined the relationship
between geotechnical properties and the distance to the Mississippi
River. This analysis found that bulk density and shear strength decrease
in a statistically significantmanner from themouth of the river, and that
water content and LOI increase in a statistically significant fraction from
the mouth of the river. These findings indicate that marshes near the
mouth of the river are dominated by high mineral inputs that result in
dense soils that are relatively resistive to erosion whereas marshes
that are distal to the river are dominated by organic soils that are rela-
tively prone to erosion. Though one might expect to find coarser sedi-
ment closer to the river, this analysis found no statistically significant
relationship between distance to the river and particle size- perhaps be-
cause the sediment loads in theMississippi River are dominated by fine
particles (b63 um) most of the year.

To further examine the controls on land loss and land gain, this team
of authors specifically compared the geotechnical parameters for sam-
ples collected in areas of land gain, land loss and areas of no change
(Table 6, Supplemental Fig. 6). Using a 1-tailed t-test that assumed un-
equal variances, this analysis found that areas of land loss had signifi-
cantly (p b 0.05) greater water content, higher loss on ignition and
lower bulk density. Shear strength appeared to be lower in the
areas of marsh loss, though the trend was not statistically significant
(0.10 b p b 0.15). A similar pattern emerges in box and whisker plots
of the same data.
Table 4
Summary of Landsat 2000 ETM+ and 2015 OLI NDWIs classifications.

Class Landsat 2000 ETM+ NDWI
Classes

Landsat 2015 OLI NDWI
Classes

Area (km) Percent (%) Area (km) Percent (%)

Non-water 112.1283 19.021148 136.5822 23.169443
Mixed-water 44.7975 7.599329 50.0418 8.488959
Water 432.567 73.379522 402.8688 68.341598
Total 589.4928 100 589.4928 100
To further understand the spatial configuration of geotechnical
properties and their association with areas of land loss and land gain,
geospatial maps of each were created (Fig. 7). These maps present the
average value for the top 16 cm of each core, and the ArcGIS- spatial an-
alyst inverse distance weighting (IDW) algorithm was used to interpo-
late raster surfaces from the geotechnical parameters of the core points.
This method assumes that the geotechnical parameter being mapped
decreases in influence with distance from its core location. These
maps show that marshes near the river tend to have lower water con-
tents, low LOI values, low salinities, higher bulk densities and high
shear strength values. Furthermore areas of land gain are largely con-
centrated near theMississippi Riverwhereas areas of land loss generally
occur near the distal region of the delta.

The most parsimonious explanation for these data is that marshes
near the Mississippi River are dominated by alluvial sedimentary pro-
cesses, whereas marshes near the distal edge of the delta are generally
organic accumulation, and prone to storm and wave induced erosion
(Fig. 8). Riverine processes deliver mineral sediments to marshes, and
while channels can carry sand up to 6 km from the mouth of the river
(Esposito et al., 2013), much of the material is deposited close to the
river. As such, these wetlands are dominantly mineral rich, with high
bulk densities, high shear strengths that are geomorphically stable, or
prograding. On the other hand, the distal marshes have fewer mineral
inputs, which yields wet, organic rich settings. The lack of mineral in-
puts means that there is relatively little material for marsh develop-
ment, and their seaward exposure means that land loss is likely to
occur during storms and wave events. While the results of this study
cannot explain all of the causes of wetland change in the Mississippi
River Delta (e.g. loss caused by canal construction, high rates relative
sea level rise, or oil spills, or gain caused by vegetative colonization of
emergent habitat), they provide insights into how one critical habitat,
river-dominated coastal wetlands, function, grow and erode.

4.3. Implication of findings to coastal restoration in the Mississippi River
Delta

These findings have important implications for the restoration of
coastal wetlands in Louisiana, which has lost nearly 4900 km2 of wet-
lands over the past century (Couvillion et al., 2011). This land loss
makes the Mississippi River Delta one of the most rapidly changing en-
vironments on earth (Giosan et al., 2014; Syvitski and Saito, 2007).
There were numerous causes of this land loss, including high rates of
relative sea level rise, reduced rates of sediment deposition, hurricane
Table 5
Land loss and land gain trends from 2000 to 2015.

Land Loss/Gain Change

Class Area (km) Percent (%)

Land changed to water (loss) 21.0 3.6
Mixed-water changed to water (loss) 17.1 2.9
No change 467.2 79.2
Mixed-water changed to land (gain) 55.0 9.3
Water changed to land (gain) 29.2 5.0
Total 589.5 100



Table 6
Average geotechnical values for land gain, no change, and land loss cores.

% water content % LOI Bulk density (g/cm3) Shear strength (kN m−2) Porewater salinity (ppt) Mean grain size (um)

Land gain 38.1 ± 4.20 3.91 ± 0.61 1.00 ± 0.11 10.9 ± 4.12 0.22 ± 0.15 30.1 ± 5.90
No change 47.9 ± 2.91 10.3 ± 3.81 0.75 ± 0.05 8.25 ± 1.19 2.92 ± 0.87 65.9 ± 19.3
Land loss 54.8 ± 3.68 9.03 ± 1.88 0.64 ± 0.07 5.67 ± 0.79 6.53 ± 1.99 31.0 ± 3.25
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and storm-driven erosion, salt water intrusion and eutrophication
(Reed, 2002; Day et al., 2007; Kolker et al., 2011; Tornqvist et al.,
2007; Turner et al., 2006; Turner et al., 2007). Restoration of Louisiana's
wetlands depends, in part, on plans to partially divert the Mississippi
River, which would bring new sediments into previously degrading
wetlands, thereby restarting natural deltaic land building processes
(LACPRA et al., 2012). River floods in crevasses in the Mississippi River
Delta can deliver regularly deliver 1–5 cmof sediment- enough to offset
regional rates of relative sea level rise (Kolker et al., 2012; Esposito et al.,
2013; Kolker et al., 2014; Rosenheim et al., 2013; Smith et al., 2015),
with extreme floods capable of delivering nearly 60 cm of sediment
(Day et al., 2016a).

However, this view is not without controversy. Several authors
noted that freshwater marshes in the flow path of the Caernarvon
Freshwater Diversion experienced higher rates of wetlands loss than
nearby salt marshes outside of the diversion's flow path (Kearney et
al., 2011; Howes et al., 2010; Barras, 2006). One school of thought
holds that these losses were driven by the freshwater diversion, and
that fresh marshes that receive nutrient-rich river water are less
biophysically stable than salt marshes (Kearney et al., 2011; Darby
and Turner, 2008). This view holds that other river diversions would
likely lead to marsh loss rather than the intended marsh gain (Turner
et al., 2006; Turner et al., 2007). An alternate view holds that the
Fig. 6. Land loss and gain change map o
Caernarvon-influenced marshes experienced marsh loss during Hurri-
cane Katrina because they were mineral poor marshes, and that this
lack of mineral matter contributed to their stability. This view holds
that marshes under the influence of larger diversions that are capable
of transporting larger quantities of sediment should be more resilient
to hurricane impacts (Day et al., 2016b). Indeed, many of the planned
diversions are orders of magnitude larger than the Caernarvon Diver-
sion (LACPRA 2017). The results of this study supports into the latter
view, that introducing mineral inputs via to wetlands via large river di-
versions makes them more resilient erosion, and that marshes with
lower mineral contents are less resilient to storm and wave driven ero-
sion. Furthermore, results from this study suggest that the salinity of the
wetlands is not, in itself, a control on resilience to erosion (Turner et al.,
2007); instead the controlling parameters appears to be whether fresh-
water inputs are mineral-rich or not.

These findings have applications to river deltas globally, which are
major loci of commerce, fisheries, industry and are home to nearly
500 million people (Giosan et al., 2014). Many river deltas are losing
land, and efforts to restore these systems are often consistent with
those in employed in the Mississippi River Delta (Giosan et al., 2014).
As such, strategies to study land area change in systems worldwide
are likely to couple in-situ geotechnical work with remote sensing algo-
rithms, including, but not limited to, those presented herein.
f the Cubit's Gap Subdelta (CGSD).



Fig. 7. Geotechnical parameters overlying the land loss and gain change map of the CGSD: a) water content; b) loss of ignition; c) salinity; d) bulk density; and e) shear strength.
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5. Conclusion

This study led to the following specific advances:

1) A new Normalized Difference Water Index (NDWI), based on blue
and SWIR bands for pure water, land (vegetation and soil), andmix-
tures of these components was created. Results indicated that the
newly developed NDWI was able to determine water/land bound-
aries, better than the previously published NDWI. Given that coastal
change in a global phenomena (e.g.Nicholls and Cazenave, 2010),
this newly developed NDWI may improve the scientific communi-
ties ability to map land/water boundaries globally.

2) Using this new NDWI as a guide to, this research examined geotech-
nical properties of sediments in the Mississippi River Delta and
found that areas that were developing land or were resistant to ero-
sion were dominated by mineral-rich soils whereas sediments that
were erosion prone were dominated by organic deposits. Mineral-
rich sediments tended to be proximal to the Mississippi River
whereas organic-rich sediments tended to be distal to it.

3) Results from this study suggest that hydrological restorations of the
Mississippi River Delta will be most effective if they include both
Mississippi River water and high sediment loads.
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