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The Lower Mississippi River Delta (MRD) is dominated by Phragmites australis which provides a stabilizing force,
protecting marsh communities from erosion and storm-related impacts. The MRD has experienced recent die-offs
of Phragmites stands, which have coincided with a number of abiotic (hurricane and water-level) and biotic
(Phragmites scale) stressors. During this event, previously healthy stands have died or experienced stunted
growth, resulting in conversion to replacement species or to open water. This study utilized remote sensing
methods to (1) evaluate changes in Phragmites health and distribution in the MRD through time; (2) assess
changes in plant cover and floristic quality before, during, and after the dieback event; (3) evaluate changes in
landscape patterns (i.e., percentage of landscape, patch density, total edge, and aggregation index); and (4)
evaluate changes in channel length and width as a function of the dieback event. Normalized Difference
Vegetation Index data showed an active delta landscape with below typical plant biomass/health in periods of
hurricane and dieback impacts, with recovery to health values more typical for the MRD after the dieback event.
Vegetation species level assessments showed the MRD landscape experienced decreasing coverage and floristic
quality during the disturbance periods, and low and nominally increasing vegetation cover and quality through
the dieback and recovery periods. Landscape metrics showed similar trends, where wetland areas that experi-
enced event-related stress during the hurricane and dieback periods, showed some level of rebound during the
recovery period. And finally, bank-line change analyses showed a significant increase in the rate of shortening
and widening of the Mississippi River Passes since the die-back event began. This study serves as a methodo-
logical basis for deriving vegetation trend assessments and integrating those results with landscape metrics to
prioritize areas of interest; all of which are essential for effective management and mitigation of aquatic nuisance
vegetation.

1. Introduction

The Mississippi River Delta (MRD) is a vast natural asset that con-
tributes goods and ecosystem services ranging from hurricane and flood
protection, water quality and supply, to recreation and fisheries (Batker
et al., 2010). This area, which developed through the river-dominated
delta progradation phase for approximately 1000 years, has recently
shifted to a destructional phase-dominated by marine processes and
subsidence (Coleman et al., 1998). Through this, the delta has experi-
enced extensive wetland loss (Couvillion et al., 2011; Suir et al., 2014),
in large part, due to a complex interaction of processes and abiotic and
biotic stressors, including flood control measures and altered wetland
hydrology, saltwater intrusion, herbivory, reduced river sediment load,
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and climate events (hurricanes and sea-level rise) (White, 1993; Day
et al., 2000). These conditions have made the area vulnerable to the
invasion and expansion of Phragmites australis (common reed), which
now accounts for approximately two-thirds of the low-relief exterior
marshes of the MRD (Hauber et al., 2011). Since their establishment,
monotypic stands of Phragmites have played a major role in stabilizing
the outer reaches of the MRD, buffering and protecting the more diverse
and susceptible interior marsh communities (Coleman et al., 1998;
Hauber et al., 2011), and providing overall stability to the Delta’s
function, infrastructure, goods, and services.

A dieback and thinning of Phragmites stands in portions of the MRD
was first observed in the Fall of 2016 (Knight et al., 2020). This dieback
syndrome coincided with multiple stressors, including high water, high
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nutrient concentrations, and the infestation of Nipponaclerda biwakoensis
(Phragmites scale) (Cronin et al., 2020). The Phragmites scale, an exotic
insect native to Asia (McConnell, 1954), was first observed on Phragmites
plants in the MRD in 2016. Marsh dieback syndrome is not uncommon in
wetlands of the United States. In fact, recent diebacks have been
observed in Florida, Massachusetts, South Carolina, Texas, and other
parts of coastal Louisiana (Lindstedt et al., 2006; Alber et al., 2008).
However, when diebacks occur in a monotypic or nearly-monotypic
wetland, especially one that is in a destructional phase and susceptible
to many presses and pulses, there is concern for loss of habitat structure,
increasing erosion, and long-term decreasing of ecosystem stability
(Duke et al., 2005). This has long been a concern for freeze-sensitive
Avicennia germinans (black mangroves), which are currently in a 30-
year expansion at their northern range limit in coastal Louisiana
(Osland et al., 2020). Rapid decline of monotypic plants and recoloni-
zation by other plant species has unclear, yet potentially negative, im-
plications for surrounding ecosystem integrity, navigation, and flood
protection. Other potential negative effects could include increased
flooding, erosion, and storm-related damage. One immediate concern of
extensive Phragmites dieback is the potential for rapid soil exposure. Soil
exposure could accelerate substrate degradation and erosion, resulting
in reduced ecosystem productivity, and increased flood risks.

In addition to these wetland structural and functional changes, it is
theorized if the stabilizing Phragmites stands continue to die back, the
land and banks at the terminal end of Mississippi River passes will erode,
shortening the length of the channels, which in turn will result in
changing channel geometry—primarily bank erosion and pass widening
(Sarkar, 2004). Channel morphology involves lateral erosion, channel
widening, channel shortening or lengthening which are typically
controlled by flow hydraulics (velocity, discharge, roughness and
shear), channel configuration, load, and bed and bank material (Sarkar,
2004). Riverbank erosion in the Mississippi River system is of great
concern since bank/levee failure can result in substantial flooding of
lands and communities. In the MRD, bankline erosion can impact the
stability of the Delta and the navigability of the River, which services the
largest (based on tonnage) port district in the United States (American
Association of Port Authorities, 2018). There are five federal navigation
channels and four ports in the MRD (Suir et al., 2018). Southwest Pass,
for example, is a primary shipping channel in the United States and
could face increased wave action if the Phragmites marsh lining the
channel should collapse (Suir et al., 2018).

With the recent dieback event comes a need to evaluate changes in
Phragmites communities and how those changes impact structure and
function within the Delta. Traditionally, field assessments have been
used to evaluate wetlands, however, in situ measurements of wetland
condition, function, and sustainability across large geographic areas can
be impractical. However, remote sensing-based wetland evaluations
provide biological metrics and indices that can be used to measure or
estimate wetland condition, resilience, and recovery over time and space
(Karr and Chu, 1997; Suir et al., 2020). Remote sensing data and tech-
niques provide practical and efficient tools for evaluating wetland
landscapes at a multitude of spatial and temporal scales (Broussard
et al., 2018; Suir et al., 2011; Suir and Sasser, 2019). Recent advance-
ments in remote platforms, sensors, and data processing provide novel
metrics and tools for assessing and monitoring changes in vegetation
community and landscape pattern, and, by extension, the impacts from
and effects on system drivers and underlying ecological processes,
respectively (Kupfer, 2012).

However, even with remote sensing, no single data set or analytical
method can sufficiently assess the impacts of stressors in coastal wetland
systems. Therefore, the goal of this study was to use a multiple-lines-of-
evidence approach to evaluate Phragmites dieback impacts on structure
and function changes in the MRD. More specifically, the objectives were
to use moderate- and high-spatial resolution satellite imagery and
remote sensing techniques to (1) perform a hot spot analysis to quantify
changes and trends in Phragmites health and distribution in the MRD
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through time; (2) assess changes in MRD plant cover and floristic quality
before, during, and after the dieback event; (3) develop Phragmites
classification data to evaluate changes in landscape patterns (i.e., per-
centage of landscape, patch density, total edge, and aggregation index);
and (4) evaluate changes in channel length and width as a function of
the dieback event. The development and advancement of these tech-
niques provide means for rapid tracking of extent and impacts of vege-
tation changes, which will ultimately provide decision support
information to enhance pest and resource management.

2. Methods
2.1. Study site

The study area consists of the MRD, also known as the Bird’s Foot or
Plaquemines-Balize Delta, and four primary areas of interest (AOIs):
Main Pass, Pass a Loutre, South Pass, and Southwest Pass (Fig. 1). The
MRD is an active delta system that is located south-southeast of New
Orleans, Louisiana, at the confluence of the Mississippi River and the
Gulf of Mexico. The MRD area was used for moderate resolution as-
sessments and the four AOIs were used primarily for higher-resolution
assessments.

2.2. Normalized difference vegetation index and hot spot analysis

A vegetation index was used to assess the spatial and temporal
changes in MRD plants in relation to the Phragmites dieback event. NDVI
has well established correlations to photosynthetic activity, above-
ground biomass, and leaf area index; and is therefore an established
measure of vegetation and wetland condition (Suir et al., 2020). NDVI
assessments were performed using the Landsat Thematic Mapper (TM),
Enhanced Thematic Mapper (ETM), and Operational Land Imager (OLI)
spaceborne sensors, which provide moderate spatial (resampled to 28
m) and temporal (16 day return) resolution imagery. The Landsat im-
agery, covering the period from 2010 to 2019, were acquired using the
Google Earth Engine (GEE) image service. The GEE provides Tier 1
surface reflectance imagery, those meeting geometric, radiometric, and
atmospheric quality requirements (Kalnay et al., 1996; Chander et al.,
2009; Schmidt et al., 2013). The NDVI data were created using the
standard equation (Rouse et al., 1974):

NIR — Red

NDVl = ———— 1
NIR + Red 1)

which uses a ratio between near infrared (NIR) and red bands to measure
an ecosystem’s ability to capture solar energy and convert it to organic
carbon or biomass (An et al., 2013).

The NDVI values range from —1 to 1, where values between —1 and
zero (0) are typical of non-vegetation features (i.e., water, cloud, and
impervious surfaces), and those between 0.2 and 1.0 are typical of green,
healthy vegetation (Datt, 1999; Sims and Gamon, 2002). Generally, the
higher the NDVI value, the higher the biomass, productivity, and vigor
of the vegetation. All non-marsh features within the study area were
excluded from each image by removing NDVI values less than zero (<0)
(Reif et al., 2011). In an effort to reduce seasonal variations, this study
focused the NDVI calculations using imagery collected during the latter
half of the Phragmites growing season (August to October) (Howard and
Turluck, 2013). The MRD and individual AOIs were used to calculate
mean NDVI values for each AOL

Remote sensing- and field-based metrics were used to identify and
further assess trends within periods prior to, during, and after the
Phragmites dieback event. The end-of-growing season Landsat-derived
NDVI data were used to evaluate spatial and temporal changes in
plant health. The analysis was performed using a sequence of linear
regression analysis and a Getis-Ord Gi* hot spot function. The linear
regression analyses were performed using the Curve Fit v10.1 (De Jager
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Fig. 1. Location map of the Mississippi River Delta, Southwest Pass, Main Pass, Pass a Loutre, and South Pass study areas.

and Fox, 2013) ArcGIS Desktop 10.7.1 (Environmental Systems
Research Institute (ESRI) 2012) extension to conduct linear regression
analyses within each period (i.e., before, during, after dieback; and
across the entire period of record). The Curve Fit extension, which uses
the range of NDVI values at each pixel location (regressed over time),
was used to generate raster surfaces of regression model parameter es-
timates, standard errors, and goodness-of-fit (De Jager and Fox, 2013).

The Getis-Ord Gi* tool in ArcGIS Pro Release 2.5.2 (ESRI, 2020) was
used to evaluate NDVI hot spot areas within the MRD (Choudhary et al.,
2015). The Curve Fit generated raster-based linear regression parameter
estimates were converted to point data and processed using the False
Discovery Rate (FDR) correction and Inverse Distance weighting within
the Getis-Ord Gi* tool. The Getis-Ord Gi* statistics and standardized Z
scores are based on expected values E (Gi*) and the variances (VAR
(Gi*)), which are mathematically expressed by the equation:

~ rwi(d)x

G;(d) = ST v 2
ji=1%i

where, d is the distance threshold, wj is the weight of target neighbor
pair, and x; is the severity index at location j (Choudhary et al., 2015).
The results of the Getis-Ord Gi* analyses identify statistically significant
high value areas, or those that are also surrounded by high valued
neighbors.

2.3. Vegetation cover and floristic quality index

This study also used vegetation survey data from twelve existing
Coastwide Reference Monitoring System (CRMS) stations (Fig. 1). CRMS
is a network of approximately 390 monitoring sites in coastal Louisiana
designed to collect, process, and analyze physical, chemical, biological,
and geospatial data to characterize coastal wetland landscapes inside
and outside of restoration project sites (Cretini et al., 2011). Vegetation
cover and floristic quality changes within the MRD were performed
using CRMS station data. Within the CRMS program, emergent vegeta-
tion are typically surveyed annually during the period of peak biomass
(Folse et al., 2014), however some gaps in collection can occur due to
site access or other limitations. The CRMS Data Download service was
used to acquire all existing vegetation data from the twelve CRMS sta-
tions within the MRD (Fig. 1) during the CRMS period of record (2006 to
2019; CPRA, 2019). These vegetation data consist of species identifi-
cation, percent cover (Braun-Blanquet scale), and floristic quality index
(FQI, described below). The identification and percent cover data were
used to assess change in Phragmites cover and shifts to other plant species
during the 2010 to 2019 period of analysis.

The FQI is a weighted metric that assesses the condition of plant
communities using estimates of vegetation quantity and quality. The FQI
is based on a measure of vulnerability, called the Coefficient of
Conservatism (CC), together with the richness of a plant community
(Gianopulos, 2014). CC values range from zero (not conservative) to ten
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(conservative and highly ecologically sensitive) and are assigned to in-
dividual plant species within a local flora by a panel of experienced
botanists (Little, 2013; Bourdaghs et al., 2006). CC classes include
invasive plant species (CC value of 0), disturbance species (CC = 1-3),
vigorous wetland communities (CC = 4-6), common species (CC = 7-8),
and dominant wetland species (CC = 9-10). Details and methods of the
FQI system used in this study are described in Suir and Sasser (2017).
FQI scores, ranging from 0 to 100, provide estimates of vegetation
condition and maturity. Low FQI values can be indicative of early suc-
cessional vegetation communities, highly disturbed or early post-
disturbance evolution, or conditions that negatively impact natural or
managed wetlands. Conversely, high FQI values are more typical in
mature, stable, and un-disturbed wetlands.

2.4. Landscape metrics

Landscape metrics were used to evaluate changes in extent and
configuration of the MRD Phragmites communities before, during, and
after the recent dieback event. The FRAGSTATS landscape pattern
analysis software (version 4.2.1; McGarigal et al., 2012) was used to
compute landscape metrics using Phragmites classification data gener-
ated from high-resolution MAXAR (i.e., GeoEYE, Quickbird, and
WorldView) imagery. Images from the MAXAR constellation of satellites
provide high spatial (1.24 to 2.62 m multispectral) and temporal (1-3
day sensor returns) resolution data that are useful for estimating short-
term landscape variation linked to disturbance events and/or prevailing
environmental conditions (Suir et al., 2020). Cloud-free MAXAR satellite
imagery collected in 2013, 2016, and 2020 were acquired using the
Enhanced Viewer Web Hosting Service. The images were geometrically
and atmospherically corrected and transformed to reflectance using the
QUick Atmospheric Correction (QUAC) algorithm in ENVI 5.5 software
(ITT, 2009; Mutanga et al., 2012).

A supervised classification routine was used to classify imagery into
two target classes, Phragmites and non-Phragmites. The Phragmites clas-
sification used the Maximum Likelihood Classifier (MLC) in ENVI 5.5
and ground verification data from multiple sources: CRMS sites, field
observations (field surveys performed by Louisiana State University
researchers in Fall of 2018), and additional “heads-up” digitizing
methods (i.e., drone thruthing and user-based identifications; Suir et al.,
2021). The ground verification data are a critical component of wetland
classification because they are necessary for training supervised classi-
fication algorithms, validating classified areas, and performing error
evaluations (Jensen, 2015). Seventy percent of the ground verification
data were used to train the classification algorithm, while thirty percent
were set aside to assess the accuracy of the classification results. Within
the trained MLC system, each pixel was assigned to the class with the
highest probability and all pixels in the image were labelled as either
Phragmites or non-Phragmites (Carle, 2013). Lastly, a quantitative clas-
sification accuracy was performed using validation sites and traditional
error matrix methods (Jollineau and Howarth, 2008).

The landscape metrics selected for use in this study include class area
(km?), percent land, patch density, total edge (km), and aggregation
index. This study utilized the Phragmites classified data to quantify area
and pattern metrics during select periods (i.e., before, during, and after
dieback event). The class area (CA), which equals the sum of the areas
(m? of all patches of the corresponding patch type, divided by
1,000,000 (to convert to square kilometers (kmz), is quantified using the
equation:

n 1
CA = i ——, 3
;“(1,000,000) €)

where a; is the area of patch ij. The percentage of land (PLAND) is the
proportional abundance of land within the landscape and is quantified
using the equation:
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PLAND = P; = (100), @

Z_?:lafj
A
where P; is the proportion of the landscape occupied by patch type
(class) i, a;j is the area (m?) of patch ij, and A is the total landscape area
(m?). Patch density (PD) provides a general measure of wetland or plant

community fragmentation, and is quantified using the equation:

PD = 21 (10,000)(100), v

where, n; is the number of patches in the landscape of patch type i, and A
is the total landscape area (m?). Total edge (TE) is the sum of the lengths
(m) of all edge segments in the landscape, and is quantified using the
equation:

TE = E, (6)

where E is the total length (m) of class edge in the landscape. Aggre-
gation index (AI) provides a measure of landscape condition that posi-
tively correlate to wetland or plant species integrity and stability (Suir
et al., 2013; Couvillion et al., 2016). AI has evolved as a primary metric
for linking structure to ecosystem function and is defined as the fre-
quency with which different pairs of patch types appear side-by-side in a
landscape (McGarigal, 2015). This index, which was used to assess
Phragmites configuration changes over time, is quantified using the class-
level equation:

Al = [Z(njx—g> } (100), %)

i=1

where g;; is the number of like adjacencies between pixels of patch type i
(class), max_g;; is the maximum number of like adjacencies between
pixels of patch type i (class) (He et al., 2000; McGarigal, 2015).
Together, these class-level metrics were used to evaluate spatial and
temporal changes and trends in Phragmites stands as a function of the
recent dieback event in the MRD.

2.5. Channel morphology

Two assessments were conducted to evaluate changes in bankline
position (channel width) and length (channel length). The bankline
position and length assessments used existing Mississippi River hydro-
graphic survey data as well as high resolution imagery from which
bankline positions were delineated (Table 1). The existing Mississippi
River surveys consist of a series of hydrographic data (data available in
raster and vector format for older and newer surveys, respectively) from
1949 through 2004, and were supplemented with bankline delineations
developed using high spatial resolution air- and space-borne imagery
from 1998, 2010, 2013, and 2019 (Table 1).

Changes in channel width were calculated for each year/period of
bankline data using bankline positions and transects at 1 km intervals
from the head-of-passes to the terminal end of each pass (Fig. 2)
(Chaiwongsaen and Choowong, 2019). The length of each pass was also
calculated by determining the mid-channel length from the upper-most
river transect for each pass to the terminal end of the left and right bank
(Fig. 2). Left and right banks are defined with reference to an observer
facing downstream (Kaufmann, 2000). The length of each pass was
calculated as the mean length of the left and right bank for each year/
period of bankline data.

3. Results and discussion
3.1. Plant biomass and hot spot assessments

Fig. 3 shows mean NDVI values and the trajectories of values in each
AOI through time. These represent all end of growing season conditions.
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Table 1
Specifications of hydrographic surveys (aerial photos) and air- and space-borne imagery used to delineate banklines in the Mississippi River Delta.
Data type Satellite-sensor Date (year) Resolution (m) or scale Coverage (passes) Source
Hydrographic survey Aerial photos 1949-1952 1: 20,000 Loutre, South, Southwest USACE
Hydrographic survey Aerial photos 1961-1963 1: 20,000 Loutre, South, Southwest USACE
Hydrographic survey Aerial photos 1973-1975 1: 20,000 Loutre, South, Southwest USACE
Hydrographic survey Aerial photos 1991-1992 1: 12,000 Loutre, South, Southwest USACE
Bankline delineations DOQQ 1998 1: 10,000 Main, Loutre, South, Southwest USGS
Hydrographic survey Aerial photos 2004 1: 20,000 Main, Loutre, South, Southwest USACE
Bankline delineations QuickBird 2010 2.6 Main, Loutre, South, Southwest MAXAR
Bankline delineations WorldView-3 2013 1.24 Main, Loutre, South, Southwest MAXAR
Bankline delineations GeoEYE 2019 1.84 Main, Loutre, South, Southwest MAXAR
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Fig. 2. Centerlines and transects for Main Pass, Pass a Loutre, South Pass, and Southwest Pass.

The four AOIs largely correspond to the changes in NDVI values across
the entire MRD, with Main Pass and Southwest Pass being the maximum
and minimum values, respectively, for most dates. The full period of
analysis (2010 to 2019) can be separated into three distinct periods. The
period from 2010 to 2013 (hurricane period) where the mean NDVI
values were relatively low and exhibited fluctuations due to consider-
able climate events (i.e., Tropical Storm Ida (2009) and Hurricane Isaac
(2012)), the period from 2013 to 2016 (dieback period) where NDVI

values were lowest due to biotic and abiotic factors, and the 2016 to
2019 period (recovery period) where the mean NDVI values increased
substantially (recovery period after the principal dieback event). The
hurricane period (2010 to 2013) experienced an overall low but
increasing plant biomass/health vegetation recovered after storms Ida
and Isaac (vegetative recovery typically occurs by the end of the next full
growing season after a disturbance event; Carle et al., 2015; Steyer et al.,
2013), the dieback period (2013 to 2016) experienced low and
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Fig. 3. Landsat-derived mean NDVI trajectories from 2010 to 2019 (within growing season) for the Mississippi River Delta, Main Pass, Pass a Loutre, South Pass, and

Southwest Pass assessment units.

decreasing plant biomass/health, and the recovery period (2016 to
2019) experienced high and increasing plant biomass/health as plants
recovered after the dieback event.

Although Fig. 3 provides a general assessment of temporal changes in
mean NDVI values across the MRD and AOIs, it lacks the detail required
to assess both temporal and spatial changes in plant health. Fig. 4 con-
tains the linear regression results which illustrates both spatial and
temporal changes in NDVI (change per year per pixel) within the hur-
ricane, dieback, and recovery periods. Within the hurricane period
(2010 to 2013) vegetation experienced moderate storm-induced re-
ductions in NDVI across the MRD. There are small regions where de-
creases in NDVI were more distinct (red squares in Fig. 4; northwest of
the Mississippi River main channel and between Pass a Loutre and South
Pass), and areas where increases were more distinct (green squares in

Legend
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Main W
Pass. | Low:-0.0004

NDVI Change Rate

2010 - 2013 2013 - 2016

Southwest
Pass )
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20 Kilometers

NDVI Change Rate

Fig. 4; near the outflow of Main Pass and South Pass). During the dieback
period (2013 to 2016) the NDVI change rates were more irregular, with
higher loss and gain rates mottled throughout the MRD. The regions of
highest decreasing NDVI change rates were at the down-river reaches
and periphery of the MRD. Most of the areas that experienced reductions
in NDVI during the dieback period experienced substantial increases in
NDVI during the recovery period (2016 to 2019). Although the MRD
largely experienced increasing NDVI values during the recovery period,
there were some areas (downstream portions of South Pass and wetland
between Main Pass and Pass a Loutre) with decreasing NDVI change
rates.

Fig. 5 shows the results of the Getis-Ord Gi* hot spot analysis. The
hot spot analysis creates a new output feature data layer consisting of
the Gi* confidence level bins. Fig. 5 shows the hot spot (-1, -2, and -3,
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Fig. 4. Landsat-derived NDVI change rate per pixel (per year) for the hurricane period (2010-2013), Phragmites dieback period (2013-2016), and recovery period
(2016-2019) in the Mississippi River Delta. Green squares represent distinct regions of decreasing NDVI and red squares identify regions of decreasing NDVI. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Getis-Ord Gi* hot spot analysis using Landsat-derived NDVI from 2010 to 2019 for the Mississippi River Delta. Green squares represent hot spot areas with
significant increases in biomass/health across the period of analysis and red squares represent areas of significant decreases. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

which are represented by the colors yellow, orange, and red, respec-
tively) and cold spot (1, 2, and 3, represented by light to dark greens,
respectively) bins. The hot spot areas (red squares in Fig. 5), which
represent regions within the MRD where vegetation biomass and health
experienced significant reductions across the entire period of analysis
(2010 to 2019), are found in the western part of the wetlands between
Main Pass and Pass a Loutre, along Southwest Pass, and at the southern
extent of South Pass wetlands. The cold spot areas (green squares in
Fig. 5), which represent regions where vegetation biomass and health
experienced significant increases across the period of analysis, are found
primarily at the eastern portion of the MRD within wetlands near Main
Pass and Pass a Loutre. It should be noted that the cold spot areas are
those that experienced vegetative recovery after NDVI loss rates during
the dieback period. While the NDVI assessments provide general mea-
sure of plant health and trends of Phragmites, it also includes impacts to
other plants present in the MRD. This application is suitable in this sit-
uation because the Delta is comprised largely of Phragmites.

3.2. Changes in plant cover and floristic quality

Fig. 6 shows the total vegetation cover (%), the average vegetation
cover (%) by species, and the floristic quality index, separated by CRMS
site and year. There were 77 unique plant species observed across all
MRD CRMS stations from 2006 to 2019. Species with cover values < 3%
in a given year were categorized as “other.” The early CRMS vegetation
surveys, which began in 2006, show a delta that was dominated by
Phragmites in all of the most southern sites, and by Colocasia esculenta,
Polygonum glabrum, Sagittaria lancifolia, Sagittaria latifolia, Sagittaria
platyphylla, Spartina alterniflora, Schoenoplectus deltarum, and Vigna
luteola in the northernmost sites (Fig. 6). For the Phragmites dominated
sites, the cover and FQI values underwent nominal change during the
hurricane period, while the sites dominated by non-Phragmites species
experienced substantial reductions in cover and FQI values. For the sites
dominated by non-Phragmites species, the dieback period consisted of
decreased percentages of cover and reductions in FQI scores.
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Fig. 6. Cover values (percentages) and FQI scores from the twelve CRMS stations within the MRD. Orange bars represent the percentage of Phragmites cover for each
year within CRMS station (CPRA 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Unfortunately, there are data gaps during the dieback period for all of
the Phragmites-dominated sites. During the recovery period, the sites
dominated by non-Phragmites species experienced substantial increases
in Phragmites cover, when compared to previous periods, while sites
previously dominated by Phragmites experienced substantial reductions
in Phragmites cover (Fig. 6). For most CRMS sites the cover and FQI
values were substantially lower during the recovery period than either
the hurricane or dieback periods (exceptions are sites 2608 and 2627).
The lower FQI scores are, in some cases, due to the lower cover values,
while at other sites the lower scores are due, in part, to the establishment
of disturbance species (i.e., Colocasia esculenta and Alternanthera phil-
oxeroides) which often serve as indicators of stressed systems (Suir
2018). Interestingly, it is observed that species level assessments differ
somewhat from the landscape-based NDVI assessments. The species
level assessments show lower and decreasing FQI values during the re-
covery period, while the landscape-based assessments show higher and
increasing NDVI values in the recovery period. This could be a function
of scale, where the CRMS stations provide data at a limited number of
sites within the MRD, and thus, may not represent trends in the larger
geographic extent; or where the NDVI assessments include biomass/
health of all species within the MRD, and thus, may not represent
species-specific trends.

Fig. 7 provides the FQI scores for all of the Phragmites-dominant
CRMS sites (Fig. 6), by year. Fig. 7 also provides the mean Phragmites FQI
scores by year for all sites across the CRMS period of record (2006 to
2019), but differentiated by period (“pre” period is from 2006 to 2010,
hurricane period is 2010 to 2013, dieback period is 2013 to 2016, and
recovery period is 2016 to 2019). The FQI scores for the Phragmites-
domintated sites (colored lines and markers, Fig. 7) ranged from

approximately 30 to 60 during the pre- and hurricane periods, and
dropped to scores that ranged from approximately 1 to 48 during the
dieback and recovery periods. These trends were also observed in the
mean FQI scores from all CRMS sites in the MRD (solid and dashed black
lines). The trends in mean FQI scores across the full period of analysis
(2006 to 2019) show higher and more stable FQI scores in the pre-
period, lower and decreasing scores in the hurricane period, and lower
with slight increasing FQI rates in the dieback and recovery periods. In
all, the FQI scores within the MRD were below the ideal range (70) for
fresh and intermediate marsh in an active deltaic plain (Cretini et al.,
2012). This is primarily due to reductions in vegetation cover, and the
presence and establishment of plants with low CC scores. The lower CC
scores are controlled by the dominant Phragmites plant (a rigorous
wetland plant with CC score of 6), and the other persistent non-native,
opportunistic species (i.e., Colocasia esculenta and Alternanthera philox-
eroides) within the Delta (Plitsch, 2017).

3.3. Class-level pattern analysis

An example of the Phragmites classification data that were generated
using the Maximum Likelihood classification is provided in Fig. 8. The
Phragmites classification data were created using high-resolution satel-
lite imagery from 2013, 2016, and 2020. These classifications, which
were assessed using ground verification data and standard confusion
matrices, had Overall Accuracies (OA) of 93.581, 94.257, and 93.919;
and Kappa values of 0.871, 0.879, and 0.878; for the 2013, 2016, and
2020 classifications, respectively. These high accuracy values are
possible because of the high spatial resolution of the imagery and the
physical and spectral uniqueness of Phragmites australis in relation to
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Fig. 7. FQI and cover trends at Phragmites-dominant CRMS station within the Mississippi River Delta between 2006 and 2019.

other vegetation types in the MRD.

Table 2 provides the class-level landscape metrics (i.e., class area,
percentage of land, patch density, total edge, and aggregation index)
that were computed using the Phragmites classification data (2013,
2016, and 2020) from within the four AOIs. Together, these metrics
provide an estimate of change and recovery experienced by Phragmites
during the hurricane, dieback, and recovery periods. For total Phragmites
class area (CA) and the related percentage of land, the study AOIs
experienced different trends. The Main Pass area experienced losses
across all periods; Pass a Loutre and South Pass experienced loss of
Phragmites from 2013 to 2016, but then experienced some Phragmites
recovery by 2020; and Southwest Pass experienced increasing Phrag-
mites area (0.2 km?) between 2013 and 2016, followed by an additional
3.8 km? gain by 2020. These differences are indicative of areas that were
subjected to stressors at different times. This is corroborated by the
NDVI trend assessment which shows the AOIs experiencing biomass and
health declines during different periods. For patch density (PD) and total
edge (TE), the four AOIs all experienced similar trends. Increases in PD
and TE were observed for all AOIs between 2013 and 2016, followed by
relatively moderate to nominal decreases between 2016 and 2020. PD
and TE changes are indicative of a wetland system that initially under-
went vegetative loss, both at marginal and interior locations, but then
recovered in some of those areas. Similarly, the four AOIs experienced
comparable trends in aggregation index (AI). The AOIs had initial Al
scores >98.4, but then experienced decreases and increases by 2016 and
2020, respectively. Changes in Al are also indicative of Phragmites
landscapes that became fragmented or disaggregated during the dieback
period, but then experienced some recovery of Phragmites during the
recovery period. The class-level metrics are useful because they provide
measures of landscape patterns which allow for a better understanding
of how the Phragmites mono-culture changed spatially over time.

3.4. Changes in channel morphology

Examples of the river pass centerlines (white dashed line), transects
(white dotted line), and banklines (yellow, orange, and red lines) that
were used for the river length and bankline morphology assessments are
provided in Fig. 9. The centerlines were used to measure the average
length (mean of left and right side banklines) of each river pass. To
evaluate potential impacts of the dieback event, trends in channel
morphology were separated into two primary periods, the historical
period (1949 to 2013) and the dieback/recovery period (2013 to 2019).
Average change in length from 1949 to 2019 is shown in the inset table
in Fig. 9. Pass a Loutre experienced the greatest change rate at —0.038
km/yr, and Southwest Pass experienced the lowest rate, at —0.013 km/
yr. Fig. 9 also shows the river length change rate for the dieback and
recovery periods, 2013 to 2019, allowing for the evaluation of loss
attributed, at least in part, to the dieback event. During these periods,
Pass a Loutre experienced a river length change rate of —0.099 km/yr,
while Main Pass had a change rate of —0.015, which is a lower rate than
what Main Pass experienced across the 1949 to 2013 period. This
assessment indicates that although the River Passes have shortened since
the 1940s, the rates of shortening have increased (in all but Main Pass)
since the dieback event began in 2013.

Fig. 10 illustrates the bankline change rates (measured as the change
in Pass width in m/yr) at each transect across Passes Main, a Loutre,
South, and Southwest. Across all transects, South and Southwest Passes
experienced the largest rates of bankline erosion, having only four of 56
transects experiencing Pass narrowing. The channel width change rates
at Pass a Loutre transects fall primarily between South/Southwest Pass
and Main Pass rates. Approximately half of the Pass a Loutre transects
experienced channel narrowing between the 1940 s and 2019, while
only one Main Pass transect experienced channel widening during the
same period. Table 3 provides the channel width change rates for each
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Fig. 8. Phragmites classification data derived from 2016 MAXAR imagery from the MRD.

Table 2
Mean values of class-level landscape metrics (class area, percent land, patch density, total edge, and aggregation index) for each of the study areas of interest.
Year Area of interest Type Class area (km?) Percent land Patch density Total edge (km) Aggregation index
2013 Main Pass Phragmites 24.7 38.9 34.9 1052 98.5
2016 Main Pass Phragmites 22.2 34.9 234.2 2307 96.2
2020 Main Pass Phragmites 21.8 34.4 168.5 2129 96.5
2013 Pass a Loutre Phragmites 25.2 35.0 35.3 1039 98.5
2016 Pass a Loutre Phragmites 21.3 29.6 197.2 2223 96.3
2020 Pass a Loutre Phragmites 221 30.8 144.8 2052 96.7
2013 South Pass Phragmites 20.3 29.1 15.2 609 98.9
2016 South Pass Phragmites 19.2 27.5 70.8 843 98.4
2020 South Pass Phragmites 19.7 28.2 30.0 715 98.7
2013 Southwest Pass Phragmites 20.7 21.0 18.8 937 98.4
2016 Southwest Pass Phragmites 20.9 21.2 73.5 1434 97.5
2020 Southwest Pass Phragmites 24.7 25.0 52.3 1409 98.0

AOI during the period of record prior to the recent dieback event (1949
to 2013) and the dieback/recovery periods (2013 to 2019). The his-
torical change rates ranged from —3.20 to 2.49 m/yr for Main Pass and
South Pass, respectively. The change rates during the dieback and
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recovery periods ranged from —1.70 to 5.72 m/yr for Main Pass and
Southwest Pass, respectively. Main Pass experienced channel narrowing
across all periods, but had higher rates of narrowing during the 1949 to
2013 period. Some significant changes in channel width were observed
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Table 3
Comparison of the change rates in AOI channel widths between the historical
period (1949 to 2013) and the dieback/recovery period (2013 to 2019).

Reach

Change in Pass Width (m/yr)

1949-2013 2013-2019
Main Pass -3.20 -1.70
Pass a Loutre —0.12 3.34
South Pass 2.49 1.95
Southwest Pass 0.84 5.72

at specific transects. For example, the width of Main Pass MP14,
decreased at a rate of 8 m/yr due to the vegetative establishment of a
shallow river area near the left bank of the Pass. Southwest Pass had the
largest variation in change rates between periods with widening by 0.84
m/yr from 1949 to 2013, but increasing substantially to 5.72 m/yr be-
tween 2013 and 2019. The differences in change rates during the his-
torical period are partially due to dredging and armoring of some
channel reaches, vegetation type along channel banks, and impacts from
previous disturbance events, while differences in change rates during
the dieback/recovery periods are largely due to changes to Phragmites
along the banks of the AOI channels.

4. Conclusions

The objectives of this study were to use satellite imagery to evaluate
spatial and temporal changes in the Mississippi River Delta before,
during, and after a Phragmites dieback event. Vegetation cover and the
FQI were used to assess spatial and temporal changes in wetland con-
dition, resilience, and recovery (Suir and Sasser, 2017). These species
level assessments showed the MRD was a Phragmites-dominated land-
scape with high coverage values prior to the hurricane period. The
landscape experienced decreasing coverage and FQI values during the
hurricane period, and low and nominally increasing vegetation cover
and quality through the dieback and recovery periods. These trends are
typical in disturbed and distressed systems where vigorous and domi-
nant wetland plants are encroached upon or replaced by lower quality
invasive or disturbance species. These findings were corroborated with
multi-temporal NDVI analyses, which showed an active delta landscape
with below typical plant biomass/health in the hurricane and dieback
periods, but recovered to NDVI values that are more typical for the MRD
during the recovery period. These findings were also corroborated and
extended using spatial and temporal hot spot analyses, which showed
Phragmites dieback locations and areas of recovery.

Class-level assessments were used to evaluate dieback impacts on
Phragmites patch dynamics (i.e., area, shape, edge, and adjacency) which
provide useful measures of how Phragmites stands changed spatially over
time. Although some AOIs experienced atypical trends in landscape
metric values, most trends were indicative of wetland areas that expe-
rienced event-related stress during the hurricane and dieback periods,
but then experienced some level of rebound during the recovery period.
The channel morphology assessment provides a longer range of data to
assess historical trends in relation to changes during the recent hurri-
cane, dieback, and recovery periods. While all channels experienced
shortening since the 1940s, changes in channel width were dissimilar for
some AOIs. The class-level metrics can be used in addition to the mea-
sures of channel morphology to assess impacts on navigable waters, as
well as the extent and location of areas most susceptible to erosion or
plant species replacement.

Aquatic plants can protect Federal navigation channels and ports
from wave action and other erosive energies. In addition to monitoring
the distribution of foundational plants, quantifying the health, decline,
and conversion of aquatic plants, remote assessments of wetland land-
scapes can provide operational value to stakeholders by assessing the
impact of those changes on navigation (dredging), flood risk reduction,
and ecosystem health. Furthermore, the identification of hot spot areas
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can assist in the planning and implementation of future restoration and
management activities. The results of this study show the combination
of remotely collected and in situ data can provide enhanced spatial and
temporal measures of wetland plant extent and condition as a function
of landscape level dynamics. Moreover, these data can assist in
advancing environmental studies by providing a basis to target future
data collections and analysis efforts, resulting in time and budget sav-
ings in the planning and study process. This study serves as a method-
ological basis for deriving vegetation trend assessments and integrating
those results with landscape metrics to prioritize areas of interest; all of
which are essential for effective management and mitigation of aquatic
nuisance vegetation.
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