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Synthetic Aperture Radar and Optical Mapping Used to 
Monitor Change and Replacement of Phragmites australis 
Marsh in the Lower Mississippi River Delta, Louisiana

By Elijah W. Ramsey III1 and Amina Rangoonwala2

Abstract
Synthetic aperture radar (SAR) mapping of density as an 

enhancement of Phragmites australis optical live fractional 
cover (LFC) mapping was carried out in the lower Mississippi 
Delta during 2016 to 2019. Also, as part of the study, the 
replacement of P. australis with elephant-ear was analyzed. 
To that end, yearly maps from 2016 to 2019 of L-band SAR 
horizontal send, vertical receive (HV) data representing 
marsh density were produced for the lower Mississippi River 
Delta. The mapping indicated high local variability within 
broad yearly density change in P. australis marsh. LFC map-
ping indicated a similar pattern of broad yearly change. That 
overall density and LFC linear correspondence was confirmed 
with regressions of P. australis marsh HV-density data and 
optical-LFC data. Local differences reflected as high scat-
ter in the plots. Based on those results, a combined LFC and 
HV-density assessment tracker of P. australis condition was 
developed. Major findings from the use of the trajectory tool 
were the high decrease in HV density from 2016 to 2017, the 
identification of severely degraded P. australis marsh and 
European P. australis marsh in some areas, and indications of 
linkage between the density decline from 2016 to 2017 and the 
elephant-ear replacement from 2018 to 2019. The trajectory 
tool application also indicated an inverse relationship between 
elephant-ear occurrence and HV-density changes from 2018 to 
2019. A similar but weaker relationship was found between 
elephant-ear and LFC. These relationships may provide a 
means for early detection of replacement of P. australis marsh 
by elephant-ear and other unwanted plant species.

1U.S. Geological Survey.
2Cherokee Nation Technologies under contract to the U.S. 

Geological Survey.

Introduction
Recent and widespread nonnative scale insect 

(Nipponaclerda biwakoensi) infestation and Phragmites 
australis dieback has been documented in southeast Louisiana 
(Ramsey and Rangoonwala, 2017). Although invasive, P. aus-
tralis is the dominant plant species in many southeast coastal 
marshes (Baurick, 2017).

P. australis marsh dieback is devastating for gulf coastal
marshes because it protects them from erosion. Its height and 
extensive root system absorb wave impact, thus thwarting ero-
sion and promoting land building to help stabilize coastal wet-
lands. Its loss is likely to spur erosion, worsening the already 
alarming rate of land loss (Baurick, 2017) and threatening the 
ecological and economic functions of the Mississippi River 
Delta. Loss of P. australis undermines the deltaic wetland 
support of large populations of ducks, wading birds, fish, and 
shellfish and the viability of Federal and State wildlife refuges 
that manage significant populations of wintering waterfowl. 
Increased erosion could clog shipping channels, posing a 
threat to navigation. Erosion could also expose oil and gas 
infrastructure, possibly leading to catastrophic loss and rupture 
and contamination of already degraded coastal resources.

A limited study by the U.S. Geological Survey (USGS) 
indicated that satellite mapping of the normalized difference 
vegetation index (NDVI) with satellite optical data could help 
track changes in P. australis live composition through time 
(Ramsey and Rangoonwala, 2017). A subsequent study by 
the USGS quantified the relationship between NDVI and P. 
australis live fractional cover (LFC) and used the developed 
relationship to map LFC yearly changes from 2009 to 2016 
with Landsat and yearly plus seasonal LFC changes from 2017 
to 2019 with Sentinel-2 optical image data (Rangoonwala 
and others, 2020). Although that LFC mapping development 
provides the ability to quantitatively track live composition 
changes relatable to the onset and progression of dieback 
(Ramsey and others, 2014; Ramsey and Rangoonwala, 2017), 
it does not directly measure another critical indicator of 
change, P. australis canopy density. As mentioned in Ramsey 
and Rangoonwala (2017) and Rangoonwala and others (2020), 
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synthetic aperture radar (SAR) remote sensing is directly 
tuned to the structural aspects of the vegetation canopy, such 
as density (Ramsey and others, 2014, 2015, 2016).

SAR-density mapping provides an indicator of marsh 
thinning and heightens differences in marsh type when com-
bined with optical mapping (Bourgeau-Chavez and others, 
2009, 2013). Those enhanced capabilities should promote 
discernment of P. australis marsh dieback onset and progres-
sion and increase the ability to identify replacement by other 
plant species. In response to observations of replacement of 
P. australis by Colocasia esculenta (elephant-ear) in 2018–19 
by Rangoonwala and others (2020), the USGS, in cooperation 
with the U.S. Fish and Wildlife Service (FWS), used SAR-
density and LFC mapping to expand tracking of P. australis 
marsh changes at the FWS Delta National Wildlife Refuge 
(NWR) from 2016 through 2019.

Purpose and Scope

The primary purpose of this study was to develop map-
ping systems to identify abnormal changes in P. australis 
marsh near onset, and when identified, to use the developed 

mapping systems to track the detected abnormality. To assess 
those mapping capabilities, three study objectives were 
pursued. The initial objective was to use SAR mapping to 
document the yearly spatial P. australis marsh density patterns 
and changes in those patterns from 2016 to 2019. The sec-
ond objective was to evaluate possible relationships between 
observed elephant-ear replacement and changes in density 
identified through optical-LFC and SAR-density mapping. The 
final objective was to assess covariance of optical LFC and 
SAR density as an early indicator of causal change to inform 
resource managers charged with mitigation efforts.

Study Area

The study area is the lower Mississippi River Delta in 
southeastern Louisiana (fig. 1). Within this study area, map-
ping efforts were focused on the FWS Delta NWR (fig. 2). 
Assessments and comparisons of the produced maps were also 
focused on the Delta NWR. P. australis marsh extent in 2016 
is based on the Dugas and others (2018) mapped P. australis 
marsh coverage of the Delta NWR.
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Methods

Mapping Data Sources

Satellite Optical-LFC Mapping
Production of the LFC maps used in this study is 

described in Rangoonwala and others (2020). The P. australis 
marsh LFC status and change mapping relied on Sentinel-2 
for current to future mapping and Landsat for histori-
cal mapping.

Satellite SAR and P. australis Marsh Density
The Advanced Land Observing Satellite (ALOS and 

ALOS-2, referred to as “ALOS” in this report) phased array 
type L-band SAR data were used for assessment of mapping 
P. australis marsh density for this study. The initiation of the 
SAR and optical P. australis marsh mapping was guided by 
works of Bourgeau-Chavez and others (2009, 2013).

In general, L-band SAR penetration into taller and denser 
vegetation canopies is greater than that of shorter wavelength 
systems (Ramsey, 1998). For this study, the higher penetra-
tion provides enhanced perception of the entire P. australis 
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Figure 1. A Sentinel-2 optical image of the lower Mississippi River Delta study region, Louisiana, August 31, 2019. In this 
near-infrared, red and green band image composite, healthy vegetation tends to appear bright red. The yellow polygon 
outlines the U.S. Fish and Wildlife Service Delta National Wildlife Refuge.
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Figure 2. Phragmites australis (green) within the U.S. Fish and Wildlife Service Delta National Wildlife Refuge (gray 
outline) in 2016 (Dugas and others, 2018). Louisiana Coastwide Reference Monitoring System (CRMS; Coastal Protection 
and Restoration Authority, 2020) sites are shown in yellow (table 1), and field sites are shown in red (table 3). The regional 
trajectory development sites are shown in orange (table 3).
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marsh vertical profile. The cross-polarized HV (send horizon-
tal and receive vertical polarization) or VH (send vertical and 
receive horizontal polarization) backscatter is a more sensitive 
indicator of vegetation volume than like-polarized HH (send 
and receive horizontal polarization) or VV (send and receive 
vertical polarization) backscatter (Ramsey, 1998; Ramsey and 
others, 1999, 2014). The HV backscatter based on increased 
penetration should be more closely aligned with the marsh 
density. The HV backscatter was used as the P. australis marsh 
density indicator.

Production of Yearly Density-Indicator Maps 
from 2016 to 2018

The ALOS SAR dual polarization HH and HV data were 
calibrated as sigma naught and expressed as amplitude. A 3 by 
3 average filter was applied to each 6.25-meter (m) ground-
surface-area (GSA) image to reduce speckle (Bourgeau-
Chavez and others, 2013). In only the regional site analyses, a 
3 by 3 average filter was applied twice to the speckle filtered 
HV images to enhance graphical depiction of change.

ALOS SAR image coverages of the Mississippi River 
Delta were created for September 2016, November 2017 and 
2018, and October 2019 (table 1). Coverage of the Mississippi 
River Delta required the composite of three SAR images. 
Although complete coverage of the Mississippi River Delta 
used SAR images from January 2017, 2018, and 2019, in the 
composite, the January image only covered the far eastern 
edge of the lower Mississippi River Delta. The composite east-
ern edge was not included in any comparisons or assessments. 
The yearly SAR HV-amplitude composites were resampled to 
a 10-m GSA matching Sentinel-2 and registered to Sentinel-2 
images for the same year.

LFC and HV density maps were based on the months of 
September 2016 and October 2019 (table 1). The 2017 and 
2018 late October LFC maps were also temporally comparable 
to the SAR maps based on early November HV-amplitude 

images. Although only minor senescence was expected, a 
decrease of canopy LFC portends lower canopy water volume, 
likely decreasing SAR HV amplitude (Ramsey, 1998; Ramsey 
and others, 2015). Due to that sensitivity, minor decreases in 
both LFC and SAR HV may have occurred from September to 
late October and early November.

Landsat LFC maps indicate an overall LFC increase from 
September 30, 2016, to September 17, 2017 (Rangoonwala 
and others, 2020). While Sentinel-2 LFC maps show a 
similar broad LFC increase from September 20, 2016, to 
October 25, 2017, these maps contain scattered pockets of 
LFC percent decrease within the Delta NWR (Rangoonwala 
and others, 2020). Sentinel-2 LFC decrease from October 30 
to December 4, 2018, was higher than in 2016–17 but still 
lower than 20 percent. The demonstrated overall LFC stabil-
ity through late October was expected to extend into early 
November. While the timing offset is expected to result in 
some seasonally related LFC change, and thereby, untraceable 
changes in the SAR backscatter, the resulting variability is not 
expected to impede the interpretability of the LFC and ALOS 
HV density covariance patterns.

Water Mask Creation and Above-Surface Water 
Levels

A water mask was created from a mix of Sentinel-2 SAR 
and optical images that visually best preserved P. australis 
marsh while eliminating intermittently ponded water bodies 
and most bare and vegetated mud flats. Except for minor edits, 
the same water mask was applied to all map products.

Above the marsh surface, water levels at four Coastwide 
Reference Monitoring System (CRMS) sites (Coastal 
Protection and Restoration Authority, 2020) within the Delta 
NWR were documented at the times of all satellite image 
collections (table 1). Optical remote sensing and SAR are 
sensitive to subcanopy flooding (Ramsey and others, 2013). 
Although, water levels and interior flooding vary regionally 

Table 1. Surface-water levels at Louisiana Coastwide Reference Monitoring System sites in the U.S. Fish and Wildlife Service Delta 
National Wildlife Refuge at the times of image collections.

[CRMS, Louisiana Coastwide Reference Monitoring System (Coastal Protection and Restoration Authority, 2020)]

Satellite Date
Water levels at CRMS sites (fig. 2), in meters above ground level

0161 2634 2627 4448

Sentinel-2 September 30, 2016 0.321 0.05 0.181 0.373
October 25, 2017 0.129 –0.067 0.096 0.353
October 30, 2018 0.083 0.258 0.361 0.425
October 20, 2019 no data 0.322 0.473 0.720

ALOS-2 September 14, 2016 0.528 0.199 0.356 0.482
November 8, 2017 0.539 0.405 0.453 0.578
November 7, 2018 0.646 0.281 0.514 0.669
October 7, 2019 0.278 0.094 0.186 0.808
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throughout the Delta NWR, correspondence of low or high 
water across multiple CRMS sites indicates similarity of water 
levels at all sites.

Site Selection and Field Data Collections

Data were collected at sites (hereinafter referred to as 
“field sites”) in the FWS Delta NWR during November 15–16, 
2018, and August 20–22, 2019, to encompass the full range of 
P. australis growth. Sites were located beside waterways and
were accessible by boat (fig. 2).

In 2018, of the 13 field sites, 10 were purely or domi-
nantly composed of P. australis marsh, 1 was composed of 
elephant-ear, 1 was mud, and 1 was water. Of the 10 vegeta-
tion field sites in 2019, only 3 were purely or dominantly 
composed of P. australis marsh, and 7 were heavily mixed 
with or were purely elephant-ear. Eight of the field sites 
studied in 2018 were revisited in 2019. In addition, four 
observation sites in 2018 and five observation sites in 2019 
had no instrument data collections. At all site locations, Global 
Positioning System coordinates and photographic and field 
note descriptions were obtained. At field sites, radiometer and 
webcam photography were collected and analyzed (Ramsey 
and Jensen, 1995; Rundquist and others, 2014). Radiometer 
data were used in the LFC mapping (Rangoonwala and oth-
ers, 2020).

The webcam photography was vital for visual documen-
tation of the percentage of elephant-ear occurrence and change 
from 2018 to 2019. The webcam system mounted at the same 
point as the radiometer obtained an approximate 4-m by 6-m 
red-green-blue picture of the canopy coincident with the radi-
ometer measurement (Rangoonwala and others, 2020).

Challenges in Relating Field to Satellite 
Measurements

Webcam data were collected at two to three directions 
or locations at each field site. Although the boat platform was 
inserted as far as possible into the marsh and the webcam 
was further extended into the marsh via the support pole, all 
sampled locations were near the open water and marsh edge. 
That closeness to the edge increased the possibility of bound-
ary pixels in the satellite images being contaminated to some 
extent by open water.

To lessen that possible contamination, locations where 
the overall marsh characteristics extended at least 2 pixels, or 
20 m, beyond the edge into the interior were preferred for data 
collection. While that criterion tended to minimize edge-pixel 
contamination, variable water levels increased the variance 
of the satellite measurements. Further, variability of each 
individual pixel composition was caused by georeferencing in 
optical and SAR images and by resampling and filtering of the 
SAR images; this variability taxed the analyses applied in this 
study based on single pixel correspondences.

HV, LFC, and Elephant-Ear Graphical 
Comparisons

Elephant-Ear Increase and HV and LFC Response
In 2018 and 2019, percentages of elephant-ear cover-

age at field sites were estimated by visual inspection of field 
webcam photography (fig. 3). HV and LFC magnitudes were 
extracted from 2018 and 2019 SAR HV and LFC collocated 
field sites. Scatterplots were used to inspect the covariance of 
HV and LFC change with change of elephant-ear from 2018 
to 2019. The change plots were used to remove variability in 
the starting values, and in this case, localize the dependent 
response to the independent change to a single year.

Fused HV-Density and Optical-LFC Trajectory 
Status Monitors

Temporal HV-LFC trajectory plots were used to enhance 
tracking of change, in this case, change in P. australis marsh. 
The trajectory plots provide three-dimensional (HV, LFC, 
time) transition patterns that reveal changes, such as growth, 
degradation, regrowth, or replacement, that are unlikely to 
be noticed on one-dimensional status or change maps unless 
change is dramatic.

Field Site Trajectory Plots
Trajectory plots were used to inspect the covariance of 

HV and LFC magnitudes extracted from 2016, 2017, 2018, 
and 2019 ALOS HV and LFC collocated field sites. These 
trajectory plots incorporate the 2018 and 2019 field-observed 
P. australis condition. Due to the field sampling logistics,
these sites represent berms along canal edges. The 2018 and
2019 field observations indicated that higher P. australis marsh
densities occur on the berms while lower densities occupy the
intervening basins.

Regional Site Trajectory Plots
To include basin P. australis marsh trajectories, an HV 

color composite was created for 2016–18. The HV color 
composite was combined with the LFC color composite 
(Rangoonwala and others, 2020) and was used to select 
regional trajectory sites within three Delta NWR regions 
(fig. 2) based on hue and tonal differences. The tonal differ-
ences were expected to reflect variation of P. australis marsh 
trajectories over the 3 years. The inclusion of basin sites 
broadens the scope of the P. australis marsh trajectory analysis 
and contrasts differences in berm-basin LFC and HV density.

Fifteen sites (hereinafter referred to as “regional sites”) 
were chosen from 3 regions in the Delta NWR (fig. 2), and 
LFC and HV image data for 2016, 2017, 2018, and 2019 
were extracted from the 3- by 3-pixel area encompassing 
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each site’s central coordinate. Eleven of the 15 sites were in 
P. australis marsh exhibiting different hues and in different
types of locations, such as along waterways, in basins between
waterways, and in the eastern extent of the Delta NWR. Site
R3S13 of region 3 (fig. 2) was in European P. australis marsh
(Knight and others, 2019) just outside the southern extent of
Delta NWR.

Results

ALOS HV-Density-Indicator Mapping

The HV densities were mapped for 2016, 2017, 2018, and 
2019 (fig. 4). The gray shading indicates the HV amplitude; 
the higher the HV amplitude, the lighter the gray shading. The 
most striking features within all four maps are the relatively 
high amplitudes, or P. australis marsh densities, lining the 
waterways and the low amplitudes in the interceding basins. 
Higher amplitudes are seen toward the western Delta NWR, 
particularly in 2018 (fig. 4C). The next notable contrast is the 
overall lower amplitudes, or lower P. australis marsh densities, 

in 2017; most apparent in comparison to HV amplitudes in 
2018. A 2016 (red), 2017 (green), and 2018 (blue) HV image 
composite shows the spatial variation of marsh density among 
the 3 years (fig. 5).

As in the LFC maps of Rangoonwala and others (2020), 
hue and tonal differences represent variation in the yearly 
combination of HV amplitudes, or P. australis marsh densities 
(fig. 5). In contrast to the Delta NWR LFC composite depic-
tion (Rangoonwala and others, 2020), the HV-density ampli-
tude composite exhibits larger areas of uniformity and overall, 
less heterogeneity. In figure 5, the higher densities are most 
often represented by oranges, pinks, and off-whites. Orange 
represents higher 2016 HV amplitudes, indicating higher 
P. australis marsh densities, mixed with equally low 2017
and 2018 HV amplitudes, or lower P. australis densities. Pink
indicates that 2016 HV amplitudes are higher than in 2017 and
2018, and white indicates that 2016 and 2018 HV amplitudes
are nearly equal and high and that 2017 HV amplitudes are
slightly lower than 2017 and 2018 amplitudes. Greenish hues
indicate overall moderate but slightly higher densities in 2017.

P. australis marsh occupying basins lying between canals
and waterways have low HV amplitudes reflecting generally 
low P. australis marsh densities. Subtle changes of green, red, 

AA BB

CC DD

Figure 3. Webcam photographs of two field sites: A, site S1, 2018; B, site S1, 2019; C, site S3, 2018; and D, site S3, 2019 (fig. 2, table 3). 
Increased elephant-ear cover is seen at both field sites.
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Figure 4. Composited Advanced Land Observing Satellite (ALOS) synthetic aperture radar HV images. A, 2016, B, 2017, C, 2018, and D, 2019. 
Lighter gray indicates higher HV amplitudes, and darker gray indicates lower HV amplitudes. The gray shading is directly comparable among 
all four images.
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and blue hues in images of these marshes represent slight vari-
ability in the marsh density from year to year. Some images 
of areas in the northeast part of Delta NWR exhibit more 
vivid hues indicating a somewhat elevated density contrast 
between years. Low differences between years were also 
exhibited in the LFC composite within the eastern Delta NWR 

(Rangoonwala and others, 2020). In fact, similar features 
shown in the LFC composite and HV composite indicate 
changes in density. A comparison of selected common regions 
outlined on the LFC and HV composites helps elucidate the 
covariance of LFC and density in the P. australis marsh.

89°27' 89°18' 89°09'

29°21'

29°12'

29°03'

0 5 KILOMETERS

0 5 MILES

Figure 5. Advanced Land Observing Satellite-2 HV color composite displaying the 2016 HV amplitude as red, 2017 HV amplitude as 
green, and 2018 HV amplitude as blue. The same HV-magnitude color rendition was used for all 3 years.
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LFC and HV-Density Comparison

2018 and 2019 Field Site Comparison

HV Related to LFC
Although point scatter was high as indicated by the high 

standard error (SE) associated with the regression intercepts, 
the covariances exhibited by HV and LFC within 2018 and 
separately within 2019 and between 2019 and 2018 are highly 
significant (≤0.0007) (table 2). The regressions for 2018 and 
2019 exhibit a positive linear increase in HV with LFC. The 
2019 and 2018 HV regression slope depicts a positive linear 
relationship close to 1, and the intercept indicates that HV 
magnitudes were clearly higher in 2019 than in 2018 (table 2).

Elephant-Ear Increase Related to HV and LFC
The regressions between elephant-ear and HV, and par-

ticularly elephant-ear and LFC, contained scatter that could not 
be conclusively accounted for. The variability in the alignment 
of the image pixel, especially after necessary post-processing 
for spatial alignment and scale and noise, was expected to be 
at times high at the single pixel level. Our decision was to 
highlight the dominant trend by eliminating sites exhibiting 
little relevance to that trend. In this regard, the noted trends 
are based on a reasonable expectation but are still subjective. 
With that interpretation caveat, the 2019–2018 elephant-ear 
versus 2019–2018 HV difference plot clearly exhibits a linear 
decrease of HV with increase of elephant-ear percentage 
(fig. 6A). Although high scatter weakens trend clarity, elephant-
ear tends to increase as LFC decreases (fig. 6B).

Trajectory Descriptions and Comparisons

Field Trajectory Descriptions and Comparisons
Along with HV and LFC dataset pairs from field sites 

occupied in 2018 and 2019, similar datasets were incorporated 
from 2016 to 2017 in the trajectory analysis. Graphic portray-
als depict the trajectory pattern of selected field sites (fig. 7), 
and normalized and tabulated year-to-year HV and LFC 
differences expose yearly patterns, groupings, and anomalies 
(table 3).

A common pattern in the HV and LFC differences is 
the 2016 to 2017 high decrease of HV amplitude, averaging 
74±22 percent (n=8) at all field sites. Also noticeable is that 
while the HV consistently exhibited substantial decreases, 2016 
to 2017 LFC differences were mixed, averaging –2±39 percent, 
a value suggesting high variability in overall LFC change. 
From 2017 to 2018, positive changes at all sites resulted in an 
overall 30±18-percent LFC increase and a 60±16-percent HV 
increase from 2017 to 2018. From 2018 to 2019, decreases 
at sites S6, R1S2, and R1S7 resulted in a low overall LFC 
increase of 6±24 percent. Moderate to low increases character-
ized HV sites, leading to an overall increase of 34±21 percent 
from 2018 to 2019.

Regional Trajectory Descriptions and 
Comparisons

The 2016, 2017, and 2018 HV color-composite image 
(fig. 5) was combined with the LFC color composite image 
from Rangoonwala and others (2020) for selection of regional 
trajectory sites from the three regions shown in figure 2 
(figs. 8 and 9). Trajectory plots constructed from LFC and HV 
extracted from each of the 14 regional sites for 2016, 2017, 
2018, and 2019 were plotted and normalized differences were 
tabulated (table 3, fig. 10). As in the field trajectory workup, 
the most striking feature of the plots was change. At 12 of the 
15 regional sites, change was noted between 2016 and 2017, 
between 2017 and 2018, and between 2018 and 2019. At the 
remaining three regional sites (sites R1S3, R2S9, and R3S13), 
change was notable only between one or two time periods. 
Secondly, P. australis berm HV magnitudes (regional sites 
R1S2, R1S3, and R1S6) were substantially higher than basin 
magnitudes as noted in the axes’ scales (figs. 10B, C, and E). 
On average, the berm sites had somewhat higher LFC and sub-
stantially higher HV-density ranges than basin sites. Thirdly, 
the berm sites exhibited a high decrease of HV density from 
2016 to 2017, and even though of lower magnitudes, relatively 
substantial decreases occurred at 6 of the 12 basin sites (sites 
R1S4, R1S5, R1S8, R2S10, R3S13, and R3S14). At the four 
remaining P. australis regional sites (sites R1S1, R2S9, R2S11, 
R2S12), HV density did not change much from 2016 to 2017.

Table 2. Simple regressions describing HV and LFC relationships.

[SE, standard error; R2, regression coefficient; obs, observations; model p>F, regression model; p, p value; >, greater than; F, F statistic; HV, horizontal send, 
vertical receive; LFC, live fractional cover]

Regression Dependent Intercept (SE) Slope (SE) R2 obs model p>F

2018HV_2018LFC 2018HV 400.5 (148.7) 6.1 (1.4) 43.4 27 0.0002
2019HV_2019LFC 2019HV 471.3 (176.1) 9.1 (1.4) 61.6 27 <0.0001
2019HV_2018LFC 2019HV 35.3 (196.5) 14.4 (1.8) 71.3 27 0.0001
2019HV_2018HV 2019 HV 358.3 (309.6) 1.1 (0.3) 37.7 27 0.0007
2019LFC_2018LFC 2019LFC –4.2 (19.3) 1.2 (0.2) 62.2 27 <0.0001
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Discussion
Yearly maps of the lower Mississippi River Delta from 

2016 to 2019 of L-band SAR HV indicated that P. australis 
marsh density was highest along waterways and lowest within 
the intervening basins. HV mapping also indicated that the 
P. australis marsh density was highly heterogeneous. Optical-
based maps of LFC exhibited similar patterns of variability
(Rangoonwala and others, 2020).

The overall HV, as a density indicator, and LFC cor-
respondence was confirmed in regressions including HV and 
LFC data from field site locations for 2018 and 2019. All 
between- and within-year correspondences were positive and 
significant (p ≤ 0.0007); however, point scatter was high, 
indicating high local variance. The similar patterns of mapped 
and plotted HV density and LFC overall correspondence, 
while exhibiting high local variability, led to inspection of the 
HV and LFC local variability as an enhanced mechanism for 
tracking P. australis change.

The two-dimensional HV and LFC time-sequence plot is 
effective for highlighting change as well as showing the nature 
of the change; HV supplies the density, and LFC supplies 
the live composition information. HV changes are exhibited 
along one dimension, and LFC changes are exhibited along 
the orthogonal dimension. The HV-LFC trajectories document 
biophysical movement while retaining the capability of show-
ing the density and live composition of the P. australis marsh.

Trajectory plots from 2016 to 2019 represented 2018 
and 2019 calibration field sites located on berms and non-
calibration regional sites primarily located in basins. Unless 
noted, all sites were located in P. australis marsh as defined 
by a 2016 classification of the Delta NWR (Dugas and oth-
ers, 2018). Onsite observations in 2018 and 2019 at all field 
sites and during one or both years at more than half of the 
regional sites documented the nature of the 2018 and 2019 
transitions. Trajectories show that 6 of the 8 berm field sites 
and 4 of the 10 basin regional sites exhibited full P. australis 
recovery (density and LFC) by 2019 after the decreases from 
2016 to 2017.

The common trajectory feature for all eight field sites is 
the large decrease in HV density from 2016 to 2017 that often 
accompanied a mixed LFC response. Although trajectories 
for field sites differed, following those decreases, HV density 
and LFC mostly recovered or exceeded the 2016 magni-
tudes by 2019. At three of the five marsh field sites that were 
pure P. australis in 2018 (sites S1, S5, S9), that P. australis 
recovery included elephant-ear or weed partial replacement by 
2019. Of the two remaining pure P. australis field sites (sites 
S6, S8), site S6 is located on the edge of the Gulf of Mexico 
and experiences a high frequency of flushing, which may sus-
tain the pure monoculture. The second (site S8) is located near 
another field site (S9) that was also pure P. australis marsh in 
2018 but had considerable weed replacement in 2019. Until 
2019, the only substantial difference between the S8 and 
S9 sites was the much lower 2016 HV and LFC magnitudes 
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Figure 6. The 2019 minus 2018 elephant-ear (EE) difference compared to the 2019 minus 2018 (A) HV-amplitude and (B) live fractional 
cover (LFC) differences at berm sites (fig. 2; table 3). Sites shown with green symbols were used in the regression, and sites shown 
with red symbols were not. [RMSE, root-mean-square error]
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Table 3. Mid-range normalized HV and LFC differences between years at field sites and regional sites at the U.S. Fish and Wildlife 
Service Delta National Wildlife Refuge, 2016–19.

[Sites described as “not observed” were not visited in 2018 or 2019. Sites described as “not classified” were not included in the classification from Dugas and 
others (2018). LFC, live fractional cover; HV, horizontal send, vertical receive; P. australis, Phragmites australis. LFC values calculated from maps contained in 
Rangoonwala and others (2020)]

Site identifier 
(fig. 2)

LFC HV LFC HV LFC HV
Site description

2017–2016 2018–2017 2019–2018

Field sites (berm sites) occupied in 2018 and 2019

  S1 75 –112 5 65 52 36 P. australis site in 2018; mixed P. australis and
elephant-ear site in 2019.

  S2 –38 –96 33 88 2 13 Disturbed P. australis and elephant-ear site in 2018; 
increased elephant-ear in 2019.

  S3 5 –67 20 37 4 27 Low P. australis and high elephant-ear in 2018; 
increased elephant-ear in 2019.

  S5 –18 –44 17 61 –9 35 P. australis site in 2018; mixed P. australis and
elephant-ear site in 2019.

  S6 35 –67 12 49 –38 –1 Eastern fringe P. australis site in 2018 and 2019.
  S7 0 –93 52 79 4 42 Elephant-ear site in 2018; increased elephant-ear in 

2019.
  S8 –20 –51 48 63 20 74 P. australis site in 2018 and 2019.
  S9 –56 –59 53 41 16 47 P. australis site in 2018; mixed P. australis and weeds

in 2019.
Regional sites (All basin sites except those identified as berm sites or tree stand)

  R1S1 7 43 –16 5 –1 2 Not observed. Classified P. australis in 2016.
  R1S2 –30 –92 34 13 –74 17 Berm: Not observed. Classified P. australis in 2016.
  R1S3 14 –124 –3 24 –26 54 Berm: Not observed. Classified P. australis in 2016.
  R1S4 –23 –83 –161 36 166 60 Not observed. Classified P. australis in 2016. Not 

shown in figure 10.
  R1S5 –38 –65 7 45 6 3 Observed edge 2018 and 2019. Increasing elephant-

ear subcanopy.
  R1S6 –2 –106 16 40 15 53 Berm: Observed 2018 and 2019. No P. australis; 

increasing elephant-ear.
  R1S7 –30 –32 40 7 –65 24 Observed 2018 and 2019. Tree and shrub stand.
  R1S8 –6 –88 –39 51 29 10 Observed edge 2018 and 2019. Mix with increasing 

elephant-ear in 2019.
  R2S9 –4 –16 –22 23 1 –8 Observed 2019. High mix of woody and grass types.
  R2S10 –63 –41 –20 39 35 2 Not observed and not classified in 2016. Not shown 

in figure 10.
  R2S11 21 9 –6 39 –18 –39 Observed. Plants, shrubs, grasses. Eastern fringe site.
  R2S12 10 –14 –33 32 25 –36 Observed at distance. Degrading P. australis eastern

fringe.
  R3S13 –11 –98 5 34 0 –8 Not observed. Site referenced in Knight and others

(2019).
  R3S14 26 52 –13 15 –24 –44 Not observed and not classified in 2016.
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Figure 7. Trajectories for Sentinel-2 live fractional cover and Advanced Land Observing Satellite-2 (ALOS-2) HV 
amplitudes for field sites, 2016–19 (table 3). On graphs circles signify 2016 data, squares 2017 data, triangles 2018 
data, and crosses 2019 data. Note: The graph for field site 3 does not have trajectory arrows because a pattern 
was unclear.
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AA BB

Figure 8. (A) Sentinel-2 composite image showing live fractional cover for 2016, 2017, and 2018. (B) Advanced Land Observing 
Satellite-2 composite image showing HV amplitudes for 2016, 2017, and 2018. Sites in region 1 are outlined in yellow; sites in region 
2 are outlined in red (all sites shown in orange in fig. 2).

AA BB

Figure 9. (A) Sentinel-2 composite image showing live fractional cover for 2016, 2017, and 2018. (B) Advanced Land Observing 
Satellite-2 composite image showing HV amplitudes for 2016, 2017, and 2018. Sites shown are in region 3 (shown in orange in fig. 2).
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Figure 10. Trajectories for Sentinel-2 live fractional cover and Advanced Land Observing Satellite-2 (ALOS-2) 
HV backscatter amplitudes for regional sites, 2016–19 (table 3). [Circles signify 2016 data, squares 2017 data, 
triangles 2018 data, and crosses 2019 data]
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at the S8 site relative to S9. That observed single incidence 
does not confirm the 2016 to 2017 dieback as related to the 
increased replacement of P. australis by weeds and elephant-
ear in 2019. That observation does, however, show the power 
of the trajectory tool to advance the understanding of P. 
australis response to causal agents of change and dramatically 
advance early identification of adverse change.

At the field sites that were composed of P. australis and 
elephant-ear or pure elephant-ear in 2018 (sites S2, S3, S7), 
elephant-ear had dramatically increased in size (height and 
width) by 2019. At the field sites that were composed of mixed 
P. australis and elephant-ear in 2018 (sites S2, S3), elephant-
ear increased in cover by 2019. The elephant-ear growth spurt 
is likely related to the elephant-ear replacement of P. australis 
marsh from 2018 to 2019.

From 2016 to 2017, HV and LFC decreased at five of the 
nine regional basin sites (R1S4, R1S5, R1S8, R2S10, R3S13), 
increased at three sites (R1S1, R2S11, R3S14), and remained 
largely unchanged at site R2S12. Two of the basin sites (sites 
R1S5, R1S8) exhibiting decrease were observed as mixed P. 
australis sites in 2018, with increasing elephant-ear replace-
ment in 2019. Additional basin sites exhibiting increase were 
located at the northeastern extreme of the Delta NWR bound-
ary. At one of these sites (R2S11), direct observation in 2019 
revealed that the region has converted to a mixture of shrubs 
and plants with little or no P. australis. Another of these sites 
(R2S12) was reported to be highly degraded.

In addition to revealing changing compositions solely 
related to 2016 to 2018 HV-density and LFC changes, the full 
2016 to 2019 regional trajectories identified non-P. austra-
lis marsh (fig. 10). Observations in 2019 confirmed that the 
abnormal trajectory pattern for site R1S7 indicated a stand 
of trees and shrubs, and observations at site R1S9 confirmed 
a variable mix of vines, plants, and sparse P. australis. 
The abnormal trajectory for site R3S13 revealed a stand of 
European P. australis. That stand experienced extreme loss 
of density and moderate loss of LFC from 2016 to 2017 and 
showed little recovery through 2019. This variety of P. austra-
lis marsh is easily discerned in the SAR temporal composite 
(fig. 9).

Elephant-Ear Increase Related to HV and LFC

One possible consequence of decreasing P. australis 
marsh density was the replacement by elephant-ear at field 
and observed regional sites. The initial contention was that 
elephant-ear replacement would result in increased LFC and 
decreased HV density in comparison to pure P. australis 
marsh. Although scatter reduced confidence, the correla-
tion results support the HV-density decrease but not the 
LFC increase. The elephant-ear addition increasingly damp-
ened the 2018 to 2019 HV-density and LFC increase until 
elephant-ear covered 60–80 percent of the site. At that point, 
the overall 2018 to 2019 HV-density and LFC increase was 
reversed. Work is needed to assess whether these patterns of 

elephant-ear increase and HV-density and LFC decrease can 
be used to spatially map probable locations of elephant-ear 
increase throughout the Delta NWR for 2019.

Technology Transfer

To maximize the potential for technology transfer, the 
SAR mapping is based on consistently collected ALOS satel-
lite image data that, along with free optical data, can be pro-
cessed with free software implemented on a local workstation 
and subsequently analyzed and output with free geographic 
information system software.

Summary
The U.S. Geological Survey (USGS), in cooperation 

with the U.S. Fish and Wildlife Service (FWS), used satellite 
mapping of Phragmites australis marsh density along with 
Advanced Land Observing Satellite (ALOS) L-band synthetic 
aperture radar (SAR) HV data to determine P. australis marsh 
dieback onset and progression in the lower Mississippi River 
Delta. The ALOS L-band SAR HV polarization provides a 
unique perspective of the lower Mississippi River Delta, and 
in particular, the FWS Delta National Wildlife Refuge (NWR) 
P. australis marsh density patterns. HV-density maps identi-
fied two broad classes of density: high density on berms lining 
the many canals and low P. australis marsh density in basins 
lying between intermediate berms. Density maps prepared 
for 2016, 2017, 2018, and 2019 indicated dramatic to subtle 
local changes of P. australis density throughout the lower 
Mississippi River Delta within a backdrop of broad yearly 
change. The yearly density changes mostly aligned with exist-
ing optical live fractional cover (LFC) status and trends maps, 
but local variability within density and LFC maps differed. 
That yearly alignment and local difference motivated the 
development of a unique tool to detect and track P. australis 
marsh change and to assess the causal nature of the change. 
This tool comprised trajectory plots complemented by tabular 
statistics to represent the coupled temporal changes of both 
critical biophysical components of the P. australis marsh: LFC 
and density.

Trajectory plots and tabular statistics were developed for 
berm and basin P. australis marsh sites by using data extracted 
from the yearly 2016 to 2019 HV-density and LFC maps of 
sites throughout the Delta NWR. Trajectories indicated a 
dramatic density decrease from 2016 to 2017 at all 8 berm 
sites and 6 of the 12 basin sites; LFC change was mixed. Full 
HV and LFC recovery occurred at most of those sites by 2019. 
Between November 2018 and August 2019, however, partial 
replacement of P. australis marsh by elephant-ear occurred at 
most of the berm field sites, and replacement increased in two 
observed basin sites. In addition, the trajectory tool identified 
abnormal trajectories for two basin sites that had transitioned 
to a mixture of plant species and for a third basin site that had 
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transitioned to degraded marsh. A fourth basin site was identi-
fied as having European P. australis instead of the dominant 
P. australis. The trajectory tool exposed a density loss event 
that may have increased the P. australis marsh exposure to 
latent replacement during the 2018 to 2019 elephant-ear 
growth spurt. These examples from the myriad patterns pos-
sible demonstrate the enhanced information the trajectory tool 
can provide for resource managers. This tool can help move 
management response from restoration to early detection and 
mitigation, thus decreasing irreversible changes, such as dam-
age caused by insect infestation.

The same field data used in development of the trajectory 
tool were used to explore detection of elephant-ear replace-
ment of P. australis marsh. The data indicated a significant 
negative relationship between HV-density change and change 
in the percentage of elephant-ear coverage from 2018 to 2019. 
A similar but more scattered decrease in LFC with increasing 
elephant-ear was indicated. Although corroboration is needed, 
evidence indicates that a refined trajectory tool could be used 
to detect P. australis marsh replacement.
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