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Abstract The Mississippi River Bird-foot Delta (MRBD) has long been at risk of deterioration due to
Relative Sea Level Rise (RSLR), yet information on historical spatial distribution in wetland gain and loss
remains limited. Using a Random Forest algorithm in Google Earth Engine, we extract wetland area from
multiple Landsat images spanning 1990-2022. Data are integrated with sediment load, wave dynamics, sea
level, and surface elevation to analyze drivers of wetland gain and loss. Results indicate a minor net change of
only 1.21 km?, with a total gain of 160.83 km? and a total loss of 159.62 km?. Overall stability of wetland area
masks significant regional variability, with notable wetland expansion in the interior and substantial losses
along eastern and southeastern margins. Sediment diversion toward the interior of the delta lead to distributaries
narrowing (Main Pass and Pass a Loutre) that further hindered sediment-laden water transport into deltaic
margins. Wetland dynamics along the edges were closely linked to wave action, with large-scale retreat in
northern (4.0 = 9.9 m/yr), eastern (58.0 = 48.2 m/yr), and southeastern (38.6 = 15.8 m/yr) regions, while
progradation in the southern (13.6 £ 10.1 m/yr) and western areas (7.4 £ 19.4 m/yr). Fluvial sediments
significantly impact wetland growth with 1-year lag. Vertical accretion of wetlands exceeds RSLR, indicating
equilibrium along vertical dimension but are affected by lateral dynamics driven by wave and fluvial sediment
inputs. In conclusion, the MRBD is abandoning the distal parts to wave erosion, while focusing on building
wetlands in the interior to create a more compact delta.

Plain Language Summary Sea level rise has attracted significant attention on the fate of the
Mississippi River Bird-foot Delta (MRBD) in future years. In this study, we measured the gain and loss of
MRBD and found that: (a) The land of MRBD did not experience uniform shoreline retreat and deltaic
inundation despite rapid relative sea level rise. (b) The net gain of land in the MRBD was only 1.21 km? over the
recent 32 years, with an actual land loss of about 159.62 km? and a land gain of about 160.83 km?. (c) Fluvial
sediments supply significantly impacted land growth of the MRBD with a 1-year lag. (d) Lateral erosion in the
eastern and southeastern MRBD was caused by the persistent waves action from the east and south, and it was
further exacerbated by narrowing of deltaic distributaries (Main Pass and Pass a Loutre), which directly
hindered the transport of water and sediment into deltaic margins. The findings of this study can inform future
restoration initiatives and contribute to the sustainable management of comparable deltaic wetland system
across the world.

1. Introduction

Deltaic wetlands are vital coastal ecosystems that protect and sustain the livelihood of hundreds of millions of
people worldwide (Beltran-Burgos et al., 2023; Dunn et al., 2019; Overeem & Syvitski, 2009). Adequate sedi-
ment supply has been promoting the expansion of river deltas since their formation (Besset et al., 2019). In recent
decades, widespread concern has arisen that a significant reduction in global sediment flux to the oceans, caused
by damming and soil conservation efforts, could shift deltaic wetlands from progradation to retreat (Dunn &
Minderhoud, 2022; Overeem & Syvitski, 2009). Rapid Relative Sea Level Rise (RSLR) has put deltaic wetlands
at risk of drowning when vertical accretion rates are insufficient (Blum & Roberts, 2009; Nienhuis et al., 2023).
Wave-driven erosion has also played a major role in deltaic wetland loss (Amer et al., 2017; Day et al., 2000;
Howes et al., 2010).

Furthermore, deltaic wetlands have undergone complex changes influenced by both natural factors and human
activities (Amer et al., 2017; Schuerch et al., 2018; Yang et al., 2021). For instance, the wetlands of the
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Figure 1. (a) Lower Mississippi River, Louisiana USA; (b) Mississippi River Bird-foot Delta; (c) Wave direction and
significant wave height at buoy 42040; (d) Annual water discharge and (e) Suspended sediment discharge from 1990 to 2021.

Changjiang Estuary (Yangtze) Delta have gained about 916.90 km? from 1986 to 2018, despite a drastic decrease
in sediment load since the construction of the Three Gorges Dam in 2003 (Chen et al., 2022; Dai et al., 2014,
2015). In contrast, more than 50% of the shoreline of the Mekong Delta experienced net erosion between 2003 and
2012, driven by reduced sediment supply from upstream dams, sand mining, levees, and channel modifications
that disrupted its sediment balance (Anthony et al., 2015). Over the past century, approximately 4,877 km?
(~25%) of coastal Louisiana's wetlands have been transformed into open water, making the Mississippi River
Delta one of the most rapidly changing environments on Earth (Couvillion et al., 2011; Giosan et al., 2014;
Syvitski & Saito, 2007).

The Mississippi River Bird-foot Delta (MRBD, Figures la and 1b), located at the modern mouth of the Mis-
sissippi River, has undergone significant wetland changes in the past century and it is now at risk of drowning
(Blum & Roberts, 2009; Ericson et al., 2006; Nienhuis et al., 2020). Wetlands in the MRBD have lost approx-
imately 370 km? between 1932 and 2016 (Couvillion et al., 2017). A massive reduction in sediment load has
caused the deterioration of some lobes of the MRBD (Wells & Coleman, 1987) and human-altered sediment
budgets have also generated significant wetland loss in the nearby Barataria Basin (Edmonds et al., 2023).
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Overall, the fate of the Mississippi deltaic wetlands could be tied directly to vertical accretion (Chenevert &
Edmonds, 2024). Blum and Roberts (2009) estimated that the MRBD will be submerged by the year 2100 owing
to subsidence and SLR, in the absence of sediment inputs. To mitigate wetland loss, river diversion and dredging
activities have been proposed effective restoration strategies (Allison et al., 2017; Amer et al., 2017). Addi-
tionally, autogenic process, such as avulsions and crevasse splays, play a crucial role in deltaic wetland resilience
and long-term stability (Cahoon et al., 2011). A series of studies have demonstrated that during the formation and
evolution of deltaic islands, there has been a shift from allogenic to autogenic processes controlling elevation over
a 7-year period (Cahoon et al., 2011; Twilley et al., 2019; White, 1993).

Historic maps, navigation charts, and aerial photographs have been used in the past to analyze the evolution of the
MRBD. These types of analyses are often time-consuming and the obtained data sets lack of temporal continuity
(Wells & Coleman, 1987). Recently, an increasing number of researchers have utilized remote sensing images to
analyze the spatiotemporal variations of the MRBD, due to the long-term, continuous, and easily accessible nature
of the data (Amer et al., 2017; Couvillion et al., 2017). Couvillion et al. (2017) reported that more than 50% of the
wetlands in the MRBD were lost from 1932 to 2016, based on a combination of historical data, aerial photog-
raphy, and Landsat images. However, there is a limited amount of research on the spatial distribution of wetland
gains and losses in the MRBD in the past 30 years. Therefore, combining remote sensing images, hydrological
data (including fluvial sediment load, wave and sea level data), along with surface elevation data from 1990 to
2022, here we aim to: (a) determine what parts of the MRBD are prograding or receding; (b) detect whether
variability in sediment supply is related to wetland gain or loss in the MRBD; (c¢) identify whether MRBD is
drowning due to RSLR; (d) determine whether other drivers are responsible for wetland gain and loss in the
MRBD. The findings of this study will offer critical insights into the spatial gains and losses of MRBD wetlands
and have significant implications for the survival of deltas in the context of rapid sea level rise and extensive
human interference.

2. Material and Methods
2.1. Study Area

The MRBD is a micro-tidal, river-dominated delta, and its growth is dominated by fluvial processes and influ-
enced by RSLR (Blum & Roberts, 2009; Olson & Suski, 2021). The MRBD wetlands are minimally affected by
daily tides, as the mean tidal range is only about 32 cm, resulting in limited tidal-driven transport of water and
sediment (Day et al., 2007; Hiatt et al., 2019). The delta is characterized by vegetation zonation—comprising salt,
brackish, intermediate, and freshwater marshes—primarily determined by salinity gradients (Day et al., 2000;
Figure S1c in Supporting Information S1). Four main distributary channels (Main Pass, Pass a Loutre, South Pass,
and Southwest Pass) divide the MRBD in five components: the northern, eastern, southeastern, southern, and
western parts (Figure 1b). These regions exhibited different hydrodynamic characteristics, including variations in
riverine discharge, sediment supply, and wave exposure.

2.2. Data Collection

Remote sensing images from 1990 to 2022 with cloud cover of less than 30% were obtained from Google Earth
Engine (GEE, https://code.earthengine.google.com/), including Landsat-5 TM (1990-2011), Landsat 8 OLI
(2013-2019), and Sentinel 2 (2020-2022). To minimize the impact of tidal levels and seasons on the delta
evolution analysis, we have only selected images taken in winter or in the following early spring and with a tidal
level ranging from —0.43 to 0.10 m (Table S1 in Supporting Information S1). Water discharge and Suspended
Sediment Discharge (SSD) from 1990 to 2021 were collected at Tarbert Landing gauging station from the United
States Geological Survey (USGS). Hourly wave direction angle and significant wave height at buoy 42040 (88°
14'12"W, 29°12'24"N), located about 98 km east of the Head of Passes, were downloaded from the National
Oceanic and Atmospheric Administration (NOAA) for 1996-2022. Tidal levels and sea level data at Grand Isle
from 1990 to 2023 were derived from NOAA. Marsh surface elevation data from 2007 to 2022 were measured
with Rod Surface Elevation Tables by the Coastwide Reference Monitoring System (CRMS) with a vertical
precision of ~1.0-1.5 mm (Cahoon et al., 2002, 2020). Vegetation type for 1997, 2001, 2007, 2013, and 2021
were derived by CRMS with field survey. Coastal vegetation data with a spatial resolution of 30 m (2017 Coastal
Master Plans) was downloaded from the Coastal Protection and Restoration Authority (CPRA) (Figure S1 in
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Supporting Information S1). Furthermore, the Coastal Digital Elevation Model (DEM) of Southern Louisiana was
downloaded from NOAA with a spatial resolution of 10 m.

2.3. Image Processing

Remote sensing images taken in winter or in the following early spring were selected each year as representative
of the delta extension for the current year. A Random Forest algorithm based on GEE was utilized to classify
available satellite images into water and emergent deltaic wetlands (Amer et al., 2017; Beltran-Burgos
et al., 2023). The algorithm was used to assess gains and losses of the MRBD from 1990 to 2022. All processing
was performed after removing clouds and cloud shadows. We first selected hundreds of deltaic wetland and water
polygons for each image by visual interpretation. We then selected 1500 sample points using the “random Point”
command in GEE to generate deltaic wetland and water body layers (Figure S1a in Supporting Information S1).
Five bands and three spectral indices extracted from remote sensing images were employed as input variables for
the Random Forest classifier (Table S2 in Supporting Information S1) to classify the images into deltaic wetland
and water. Finally, a confusion matrix and evaluation metrics (overall accuracy and kappa coefficient) were used
for validation and accuracy assessment. The validation data for each year was created based on the vegetation data
downloaded from CRMS combined with historical images from Google Earth (Figure S1b in Supporting In-
formation S1). Both overall accuracy and kappa coefficient were greater than 85% for each year in the classi-
fication process, meeting the requirement for accurate classification (Table S1 in Supporting Information S1)
(Kumar et al., 2021). Furthermore, we selected imagery in winter-early spring, to avoid the growing season and
reduce the effect of submerged and floating vegetation. We found that the area of floating vegetation in 2017 was
less than 1% of the MRBD area (Figure S1c in Supporting Information S1), and therefore considered the influence
of submerged and floating vegetation on our classification results small enough to be negligible.

Visual interpretation was utilized to distinguish new wetlands created by dredged soil, which appeared suddenly
with clear boundaries and white or pink pixels on Landsat images (Zhang et al., 2021) (Figure S2 in Supporting
Information S1). These landforms, distinctly different from the surrounding vegetation, were outlined manually
and their area computed in ArcGIS.

2.4. Digital Shoreline Analysis System (DSAS)

DSAS is a computer software extension of ArcGIS, providing a method for the calculation of historical shoreline
change (https://code.usgs.gov/cch/dsas). This software can calculate a range of statistical variables based on
shorelines extracted in different years, including NET Shoreline Movement, Shoreline Change Envelope, End
Point Rate (EPR), and Linear Regression Rate. EPR is the rate at which the shoreline has moved during the time
elapsed between the oldest and most recent measurements. In this study, the shoreline was defined as the interface
between wetland and water, which is similar to the hydrodynamic shoreline of Geleynse et al. (2015). The
shoreline was derived from the results of the GEE classification and manually outlined to ensure accuracy and
continuity. Subsequently, we used DSAS to calculate shoreline change at each 4-5-year interval from 1990 to
2022 along 585 transects spaced 300 m (Figure 2c). The envelope area (A,) between two shorelines reflect the
effect of waves and sediment deposition on deltaic wetland. EPR and A, are defined as follows:

AD
EPR = — 1
AT (M

585
A, = ) EPRxd*AY )
1

where AD is the distance in meters between two shorelines; AY is the time elapsed between the oldest and most
recent measurements; and d is the distance between two transects.

In order to analyze the width variations of the distributary channels, the channel banks along the four main branches
were artificially outlined according to the classification results. We then created a series of transects at 1 km interval
from the head to the terminal end of each pass, and used them to systematically measure channel width at each
interval. The channel width is calculated as the distance between the two banks along each transect, and it was taken
approximately every 4-5 years to capture time variations (Figure S3 in Supporting Information S1).
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Figure 2. Wetland area and shoreline change in the Mississippi River Bird-foot Delta. (a) Long-term wetland area changes in
different parts of the delta; (b) Shorelines and transects; (c) End point rate of transects. End point rate is the rate at which the
shoreline moved during the time elapsed between the oldest and most recent measurements.
2.5. Wave Energy Calculation
We categorized the wave measurements into 16 directions based on their incidence angle, each spaced by 22.5°
(Table S3 in Supporting Information S1). We subsequently analyzed the wave data by wave height. A grouped
frequency distribution was used by dividing wave amplitudes in multiple class intervals based and calculating
relative frequency and relative cumulative frequency for each interval (Mei et al., 2015). The mean wave energy
(E, J/m?) was calculated per unit of horizontal area as follows (Battjes & Janssen, 1978; Table S3 in Supporting
Information S1):
E= ! H? 3)
= 16"
where: p is the density of seawater (kg/m>), g is gravitational acceleration (9.8 m/s%), and  is the significant wave
height (m). The sum of the mean wave energy for each direction is the cumulative wave energy.
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2.6. Surface Elevation Measurements

Changes in surface elevation were estimated by CRMS using the Rod Surface Elevation Table method. At every
CRMS site, a designated Rod Surface Elevation Table benchmark was installed from which the surface elevation
was measured at nine points across four directions. These measurements were repeated every 6-month to calculate
elevation change. The mean cumulative elevation change is computed for each sampling site along four directions
and elevation change rate is estimated by using linear regression of elevation change against time.

2.7. Sensitivity of Wetland Area and Shoreline Location With Respect to Water Levels

Variations in water levels across different Landsat images can lead to errors in the analysis of shoreline position
and wetland area (Figure S4 in Supporting Information S1). The slope of each transect is calculated as follows:

AH
Slope = — 4
ope =— “4)

where: AH (m) is the elevation difference between the start and end of the transect extracted from the DEM, and D
(m) is the length of the transect. Negative slope values were eliminated and the average slope of the remaining
transects was calculated. This slope was assumed to be the representative slope of the distal MRBD. The hori-
zontal displacement (s, m) of the shoreline along each transect caused by water level differences across images is
calculated as follows:

Ah
=" 5
y Slope ®)
where: Ah (m) is the difference in water level between two remote sensing images and Slope is the average slope.
The mean distance of shoreline movement at each 4-5 years interval is the average of the distances along the
shoreline in the transect direction (Table S4 in Supporting Information S1). The area (A, km?) affected by the

water level difference is calculated as follows:

A= sxd (©)

where: d is the distance between two transects, that is, 300 m. Errors in wetland area and shoreline movement can
be expressed as percentage of the average wetland area and mean shoreline movement distance obtained from
remote sensing (Table S4 in Supporting Information S1).

3. Results
3.1. Areal Change of the MRBD

Between 1990 and 2022, the wetland area of MRBD fluctuated between 323.01 and 478.76 km?, with an average
area of 408.82 km?. Specifically, the wetland area initially increased, peaking at 478.76 km?® in 1998, then
decreased to a minimum of 323.01 km?® by 2009, before beginning to increase again. Despite these fluctuations,
the wetland area remained relatively stable in the first and last years of the study period, with values of 440.97 km?
in 1990 and 442.54 km? in 2022 (Figure 2a).

From a regional perspective, the wetland areas across the five zones showed distinct trends, reflecting spatial
heterogeneity in the deltaic evolution. The northern part increased from 63.72 km? in 1990 to 92.61 km? in 2022.
In contrast, both the eastern and southeastern parts displayed a decreasing trend, with net losses of 13.91 and
44.43 km?, respectively. Meanwhile, the southern and western parts did not display significant trend, fluctuating
around 51.37 and 92.46 km?, respectively (Figure 2a).

3.2. Gain and Loss in the MRBD

The distribution of wetland gain and loss in the MRBD over the past 32 years is shown in Figure 3a (see also
Figure S5 and Table S5 in Supporting Information S1). Between 1990 and 2022, the wetland area of total MRBD
experienced a net gain of only 1.21 km?, with a loss of about 159.62 km?> and a gain of about 160.83 km?
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Figure 3. Gain and loss of Mississippi River Bird-foot Delta wetlands over 4-5 years intervals. (a—h) Spatial land gain and loss; (i) Temporal land gain and loss.

(Figures 3a and 3i). Wetland deterioration primary occurred along the eastern and southeastern margins, where
shoreline retreat resulted in losses of approximately 52.51 and 69.14 km?, respectively. These losses accounted
for about 11.9% and 15.7% of the wetland area in 1990, and equivalent to approximately 32.9% and 43.3% of the
total wetland loss. In contrast, notably wetland expansion occurred in the interior of the MRBD, particular in the
riverside sections of the northern, eastern, and western parts, where filling of internal bays resulted in gains of
37.04, 38.61, and 43.17 km”. These gains represent about 8.4%, 8.8%, and 9.8% of the wetland area in 1990,
corresponding to approximately 23.0%, 24.0% and 26.8% of the total wetland gain (Figure 3a).

Moreover, we analyzed the spatial distribution of wetland changes at 4-5-year intervals and observed wetland
degradation at the distal end of the delta, along with internal expansion (Figures 3b—3h). From 1990 to 2014, the
net wetland area exhibited minimal change, with gains and losses largely balancing each other during this period
(Figures 3b-3f). The most significant wetland loss occurred between 2000 and 2005, with approximately
88.38 km? lost, mainly along the eastern and southeastern margins (Figure 3d). The notable wetland gain was
observed between 2018 and 2022, with the northern and western regions experiencing the creation of approxi-
mately 105.36 km? of new wetland (Figure 3h).
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Figure 4. Width variations of the four main distributaries.

3.3. Change in Shorelines and Distributaries of the MRBD

Our analysis shows that shoreline changes in the MRBD were spatially heterogeneous over the past 32 years, with
retreated along the northern, eastern, and southeastern shorelines, while the southern and western shorelines
advanced seaward (Figures 2b and 2c). On average, the eastern shoreline experienced the most significant retreat
at 52.0 £ 48.2 m/yr, followed by the southeastern shoreline at 38.6 + 15.8 m/yr, indicating notable erosion in both
regions. In contrast, the northern shoreline receded at a much slower rate of 4.0 £ 9.9 m/yr, with greater vari-
ability suggesting localized erosion and deposition processes (Figures 2b and 2c). The southern and western
shorelines showed progradation, with the western shoreline advancing at a relatively stable rate (7.4 £ 19.4 m/yr)
compared to the more variable progradation observed along the southern shoreline (13.6 £+ 10.1 m/yr) (Figures 2b
and 2¢). The wetland area enclosed between the 1990 and 2022 shorelines experienced a net loss of 43.3 km?
(93.6 km? lost and 50.3 km?® gained). Overall, these wetland gains between the two shorelines offset approxi-
mately 31.5% of the total wetland loss recorded across the MRBD between 1990 and 2022.

These shoreline changes were accompanied by notable variations in the width of the four main distributaries from
1990 to 2022 (Figure 4). Specifically, the Southwest Pass exhibited a slight widening trend (Figure 4d). In
contrast, the other three passes exhibit varying degrees of narrowing, with the most pronounced narrowing
occurring in Main Pass (Figure 4a), followed by Pass a Loutre (Figure 4b), and then South Pass (Figure 4c). These
narrowing trends were primarily characterized by the formation of numerous new sandbars, with an area of
2.0 km?, 2.5 km?, and 0.8 km?, respectively (Figure S3 in Supporting Information S1).
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4. Discussion
4.1. Impact of Riverine Sediment Supply

Fluvial sediment is the primary source of material in river-dominated deltas, and the amount of sediment
deposited on the delta topset controls deltaic wetland gain and loss (Dai, 2021; Edmonds et al., 2023; Nardin &
Edmonds, 2014; Nardin et al., 2016; Olson & Suski, 2021). A reduction in riverine sediment supply caused by
human activities (including damming and levee construction) can jeopardize fluvial deltas, since deltaic regions
require adequate sediment supply and deposition to counteract subsidence and SLR (Blum & Roberts, 2009;
Edmonds et al., 2023; Ericson et al., 2006). From 1990 to 2021, the annual average SSD and water discharge of
the lower Mississippi River were 135.82 x 10° ton and 1.64 x 10* m*/s, with no significant long-term variations
(Figures 1d and 1e). Herein, the positive correlation between SSD and net wetland area variations indicates that
the river sediment load plays a crucial role in controlling the overall expansion of the delta (Figures 5a and 5b).
However, this correlation exhibits a lagged effect, where the sediment load of the current year influences the
wetland area change of the following year (Figure S6 in Supporting Information S1). The lack of correlation
between SSD and variations in wetland area in each part of the delta implies that local growth is not controlled by
fluvial load only (Figures 5c—5f), but is subject to other external factors that alter the role of riverine sediment. The
effects of other external drivers will be discussed in subsequent sections.

4.2. Impact of Relative Sea Level Rise

The MRBD is widely recognized as being highly vulnerable to submergence due to RSLR (Blum et al., 2023;
Fagherazzi et al., 2020), which averaged 22.08 mm/yr from 1990 to 2022. This rate includes a sea-level rise rate
of 8.6 mm/yr at Grand Isle (Figure S7b in Supporting Information S1), and a total subsidence rate of 13.48 mm/yr
(Jankowski et al., 2017). Despite the high rate of RSLR, there is little evidence of widespread submergence across
the entire MRBD, as indicated by contrasting shoreline dynamics: while the northern, eastern, and southeastern
shorelines retreated, the southwestern and western shorelines advanced (Figures 2b and 2c). Furthermore, the
average vertical accretion rate across multiple monitoring stations within the deltaic wetlands was
32.4 £ 12.6 mm/yr (Figures S7 and S8 in Supporting Information S1), which also accounts for shallow subsi-
dence of 7.77 mm/yr (Jankowski et al., 2017). Since this accretion rate exceeds the RSLR rate of 22.08 mm/yr,
RSLR did not pose an immediate risk of drowning to the MRBD during the study period. Nevertheless, it is
important to note the presence of eroding shorelines within the area, indicating that while the system is stable in
the vertical direction, it is undergoing changes in the horizontal direction.

Furthermore, RSLR raises base levels in deltaic systems, increasing backwater effects and elevating upstream
river water levels (Cox et al., 2022). This process reduces flow velocity within distributary channels and promotes
in-channel sedimentation. Meanwhile, higher water levels also increase the likelihood of levee overtopping,
thereby facilitating the formation of crevasse splays and localized avulsions (Chadwick et al., 2022). The im-
plications of these processes for wetland changes in the MRBD are further discussed in Section 4.5.

4.3. Impact of Waves

Wave-driven erosion plays a significant role in the deltaic wetland loss, particularly in regions exposed to high
wave energy (Anthony et al., 2015; Day et al., 2000). In the Mississippi Delta, waves are responsible for
approximately 26% of wetland loss (Penland et al., 2000), primarily by causing edge erosion (Day et al., 2023).
Consistent with these findings, significant wetland retreat has been observed along the eastern and southeastern
margins of the MRBD, with losses of approximately 45.9 and 34.8 km?, respectively (Figures 2b and 3a). This
retreat corresponds to high wave energy (~8.2 x 107 J/m?), predominantly caused by waves propagating from the
east and the south (Table S3 and Figure S9 in Supporting Information S1). The direct impact of waves triggers
erosion and wetland degradation, exacerbating the vulnerability of exposed shorelines. In contrast, the western
MRBD experiences reduced wave impact due to the shielding effect ok wetlands in West Bay, which helps
minimize shoreline erosion in this region (Figures 2b and 3a). The stark contrast in wave exposure between the
eastern/southeastern and the western shorelines highlights the critical role of wave energy in driving wetland
dynamics and delta stability. Overall, wave-driven erosion has significantly contributed to wetland loss in the
eastern and southern MRBD.
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Sediment Discharge (SSD). The wetland area change is the difference between the wetland area of the following year minus
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4.4. Impact of Autogenic Processes
Autogenic processes have significantly impacted the dynamic evolution of deltaic wetlands in the Mississippi
delta. Over centennial timescales, delta lobe switching has determined the long-term shift of depositional centers,
leading to the gradual abandonment of older deltaic regions and the redirection of sediment supply toward newly
active areas (Jerolmack, 2009; Paola, 2016). Similar processes occur in the MRBD, where crevasse splays and
localized avulsions play a crucial role in wetland formation and maintenance processes decadal timescales
(Cahoon et al., 2011). When floodwaters breach levees and deposit sediment into interior deltaic bays, crevasse
splay contributes to localized land building and wetland expansion (Coleman, 1988). Initially, sediment infilling
leads to the emergence of mud surfaces, creating suitable conditions for vegetation colonization (Cahoon
et al., 2011). Once established, vegetation stabilizes the sediment, reduces flow velocity, and enhances sediment
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trapping, promoting further accretion and land elevation (Fagherazzi, 2008; Hou et al., 2024). This vegetation-
sediment feedback fosters wetland persistence by reinforcing surface stability and sustaining long-term verti-
cal growth. Remote sensing observations indicate that fragmented vegetation patches have progressively coa-
lesced into larger, contiguous wetlands (Figures S10b and S10c in Supporting Information S1), which has
facilitated vegetation expansion within the delta interior (Figure 3a), further enhancing delta stability.

Furthermore, distributary channel narrowing has played a significant role in wetland redistribution. Combined
with backwater effect and velocity reduction caused by RSLR, sediment accumulates within active channels
(Main Pass, Pass a Loutre, and South Pass), promoting the formation of sandbars and constricts channel width
(Figure 4; Figure S3 in Supporting Information S1). Research by Cook et al. (2020) and Whitbread et al. (2015)
indicates that the width of distributary channels scales with discharge and therefore controls sediment load. While
sandbars formation locally increases wetland area, it also reduces sediment transport to distal deltaic regions,
exacerbating wetland loss along the edges of the northern, eastern, and southeastern MRBD. This redistribution of
sediment, combined with wave energy, intensifies spatial heterogeneity in wetland change. In areas exposed to
strong hydrodynamic forces, sediment deficits accelerate wetland loss, while more sheltered regions experience
continued expansion. This interaction between autogenic processes and external forcings leads to the complex
and heterogeneous patterns of wetland gain and loss observed in the MRBD. Overall, these autogenic dynamics
have played a critical role in shaping the MRBD wetlands, particularly by fostering localized expansion in
sediment-rich zones while indirectly contributing to wetland retreat in sediment-deficient areas.

4.5. Impact of Anthropogenic Activities

The diversion of sediment-laden water from distributaries to adjacent wetlands can mitigate wetland loss (Allison
et al., 2017). The West Bay Diversion completed in November 2003 transports freshwater and sediment from the
main stem of the Mississippi River to the West Bay, facilitating wetlands expansion (Allison et al., 2017; Figures
S1la and S11b in Supporting Information S1). Deposition of dredged soil is beneficial for the creation and
restoration of degraded vegetated wetlands in shallow open waters (Amer et al., 2017). Between 2009 and 2014,
federal and local authorities built oblong islands in West Bay using pipe-lined soil from dredging of the adjacent
navigation channels. These islands are intended to increase sediment trapping efficiency by reducing water ve-
locity and limiting wave fetch (Allison et al., 2017; Figures S11g and S11h in Supporting Information S1).
Through visual interpretation, we found that deposition of dredge sediment led to a local wetland gain of 14.0 km?
in the interior of the eastern and southeastern parts, as well as in West Bay. This gain compensated 8.7% of the
total wetland loss between 1990 and 2022 (Figures S11c—S111 in Supporting Information S1).

4.6. Conceptual Model of MRBD Evolution

Together, the data analysis presented herein can be combined in the following conceptual model of the evolution
of the MRBD (Figure 6): (a) Riverine sediment fluxes drive the expansion and contraction of the delta with a lag
time of approximately 1 year. (b) Autogenic processes—including crevasse splay formation, localized avulsions,
and vegetation colonization—redirect sediment to the delta interior, promoting deposition and interior wetland
growth, while leading to silting of distributaries and reduced sediment delivery to distal wetlands. (c) Narrowing
channels caused by new sandbars hinder sediment delivered to distal areas. (d) Relative sea level rise enhances
backwater effect and reduces flow velocity within distributary channels, exacerbating sedimentation in channel
and further diverting sediment away from distal areas. (e) The distal areas of the system are increasingly subject to
erosion by wave action and reduced sediment inputs. (f) Diversion of sediment is exacerbated by dredging ac-
tivities, which deposit material in the interior delta. (g) Increased sediment availability in the interior allows
wetlands to vertically accrete and keep pace with sea level rise but also drives lateral reconfiguration of the delta.
(h) The combination of these processes results in a more compact and uniform delta, reducing the extent of the
bird's foot distributaries and related distal wetlands.

4.7. Uncertainty Analysis

The annual changes in deltaic wetland area exceed the size of a single pixel, confirming that changes are
detectable at the pixel level. However, since this study employed a Random Forest classification approach, it did
not account for sub-pixel variability. This could lead to overestimation or underestimation errors, especially at
short timescales when only a few pixels shift between water and land. The classification's high overall accuracy
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Figure 6. Conceptual model of wetland evolution in the Mississippi River Bird-foot Delta.

(more than 85%) and kappa coefficient means that our results are reliable (Table S1 in Supporting Informa-
tion S1), as confirmed by previous studies (Aronoff, 1985; Congalton, 1991).

Furthermore, variations in water levels across the selected images from year to year could introduce errors in
estimating the wetland change area. To address this, we used the equations in Section 2.7 to calculate the potential
error in wetland area triggered by water level differences. Our results indicate that the area impacted by the
maximum water level difference (0.45 m in the period of 2006-2007) is approximately 17.19 km?, accounting for
4.17% of the annual average change in wetland area, suggesting that the influence of water level variations is
relatively weak. Furthermore, the average horizontal displacement of the shoreline over a 4/5-year interval ranges
from 121 to 214 m (Table S4 in Supporting Information S1), while the shoreline changes caused by a variation in
water level of 0.05 m is 14.96 m. Consequently, the errors due to water level differences on shoreline distance
during the periods 1990-1995, 1995-2000, 2000-2005, 2005-2010, 2010-2014, 2014-2018, and 2018-2022
were 153 m + 17.33%, 144 m = 10.15%, 174 m £ 3.67%, 210 m + 15.23%, 155 m + 8.83%, 214 m + 6.81%,
and 121 m + 10.74%, respectively (Table S4 in Supporting Information S1). The errors associated with water
levels on shoreline position and area estimation are thus within acceptable limits.

5. Conclusions

The wetlands of the MRBD have been a focal point for research and conservation projects due to their significant
ecological, economic, and cultural importance. Local governments and organizations have invested substantial
funds and efforts to protect these vital ecosystems. Our study leverages machine-learning methods to interpret
remote sensing imagery, analyzing the wetland gains and losses in the MRBD. The main conclusions are as
follows:

1. Between 1990 and 2022, wetlands area of the MRBD has experienced a dynamic equilibrium, with wetland
gain of 160.83 km? and loss of 159.62 km?. Spatial variations show a significant loss in the eastern and
southeastern margins, while a notable expansion is present in the interior of the MRBD. Shoreline dynamics
varied, with retreat in the northern (4.0 £ 9.9 m/yr), eastern (52.0 + 48.2), and southeastern (38.6 £+ 15.8 m/yr)
parts, and progradation in the southern (7.4 = 19.4 m/yr) and western (13.6 = 10.1 m/yr) areas. Meanwhile,
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several distributaries exhibited varying degrees of narrowing, as sand bars of 2.0 km?, 2.5 km?, and 0.8 km?
emerged in the Main Pass, Pass a Loutre, and South Pass, respectively.

2. Fluvial sediment load has a significant impact on wetlands growth, with a lagged effect where current-year
sediment inputs impacts next-year changes in wetland area. Relative sea level rise made minor contribution
to the gain and loss of wetland in MRBD, as the vertical accretion rates (32.4 m = 12.6 m) exceeds the rate of
relative sea level rise (22.08 mm/yr). Long-term wave action was considered as the main driver of wetland loss
in the eastern and southern margins.

3. Autogenic processes, such as crevasse splays and vegetation-sediment feedback, have contributed to wetland
expansion in the interior of the MRBD. Narrowing of active channels (Main Pass, Pass a Loutre, and South
Pass) has hindered the transport of fluvial water and sediment into seaward margins, intensified wetland loss
and deterioration in distal regions. Human activities, including the West Bay Diversion and dredging projects,
helped mitigate wetland loss by creating about 14.0 km? of new wetlands.

Data Availability Statement

Remote sensing images integrated from https://code.earthengine.google.com/ (Google, 2024), including Landsat 5
data from https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LT05_C02_T1_L2 (USGS,
2011), and Landsat 8 data from https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LCO08_
C02_T1_L2 (USGS, 2019), and Sentinel-2 data from https://developers.google.com/earth-engine/datasets/cata-
log/COPERNICUS_S2 (ESA, 2022) were used in the creation of this manuscript. Water discharge and suspended
sediment discharge at Tarbert Landing gauge station were available through https://waterdata.usgs.gov/nwis/in-
ventory?agency_code=USGS&site_no=07295100 (USGS, 2021). Hourly wave data at buoy 42040 from https://
www.ndbc.noaa.gov/station_history.php?station=42040 (NOAA, 2021) and tidal levels data at Grand Isle from
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8761724 (NOAA, 2022) are downloaded from the NOAA
website. To analyze the changes in surface elevation and vegetation distribution, marsh surface elevation data at 12
stations from 2007 to 2022 were collected from https://cims.coastal.louisiana.gov/masterplan/GISDownload/
(CRMS, 2022) and coastal vegetation data from https://www.lacoast.gov/crms_viewer/Map/CRMSViewer
(CPRA, 2017) were collected. Local surveys of vegetation type in 1997 (Chabreck & Linscombe, 1997), 2001
(Linscombe & Chabreck, 2006), 2007 (Sasser et al., 2008), 2013 (Sasser et al., 2014), and 2021 (Nyman
etal., 2022) were used to be validation data. The calculations of slope in the MRBD were based on Coastal Digital
Elevation Model of Southern Louisiana from https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?
id=gov.noaa.ngdc.mgg.dem:1521 (NOAA, 2015).
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