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Abstract

In recent years, the Mississippi River Deltaic Plain (MRDP) has experienced the highest rates of wetland loss in the USA.
Although the process of vertical drowning has been heavily studied in coastal wetlands, less is known about the relationship
between elevation change and land loss in wetlands that are experiencing lateral erosion and the contribution of erosion to
land loss in the MRDP. We quantified relationships of elevation change and land change in ten submerging tidal wetlands and
found that, despite significant land loss, elevation trajectories in seven of the land loss study sites were positive. Furthermore,
we observed an acceleration in elevation gain preceding the conversion from vegetated marsh to open water.

To identify regional contributions of lateral erosion to land loss, we quantified the relationship of elevation change and land
change in 159 tidal marsh sites in the MRDP. Approximately half the sites were persistently losing land, and 82% of these
sites were vulnerable to erosion, identifying erosion as a dominant mechanism of coastal wetland loss in this region. Notably,
the sites that were vulnerable to erosion were experiencing land loss while also gaining elevation, and sites with the highest
land loss exhibited accelerating elevation gain. Together, these data illustrate that (1) erosion is a dominant mechanism of
wetland loss in the MRDP, (2) accelerated elevation gain is an indicator of erosion, and (3) consideration of elevation change
trajectories within the context of land change is critical for providing accurate coastal wetland vulnerability assessments.

Keywords Lateral erosion - Vertical drowning - Surface elevation change - Edge retreat - Coastal land loss - Tidal wetlands

Introduction (Morris et al. 2002; Kirwan et al. 2010), extreme climate

events (Osland et al. 2020; Lovelock et al. 2021; Stagg et al.

Coastal wetlands around the world are disappearing as
climate and land use stressors continue to impact these
ecosystems (Lotze et al. 2006). In recent years, Louisiana
has experienced more loss of coastal herbaceous wetlands
to open water than any other state in the contiguous USA
(NOAA, 1996; 2016). Many processes can contribute to wet-
land loss, including excessive flooding from rising sea levels
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2021), and hydrologic alteration, among others (Edmonds
et al. 2023). Researchers have been investigating causes of
wetland loss for decades, and, excluding direct removal of
wetlands (Turner 1997; Pendelton et al., 2012), have identi-
fied two primary mechanisms that control coastal wetland
loss: vertical drowning and lateral erosion.

Vertical drowning, or peat collapse, is the slow sinking of
the wetland surface below the water, effectively converting the
vegetated wetland to open water (Reed 1995; Chambers et al.
2019). Submergence results from a disruption in the biophysi-
cal feedbacks between flooding, plant production and sediment
accretion that otherwise allow wetlands to maintain their relative
elevation within the tidal frame (Morris et al. 2002; Kirwan and
Megonigal 2013). Flooding is a key regulator of wetland health,
but excessive flooding can lead to declining plant growth and
organic matter accumulation, which promotes elevation loss or
shallow subsidence (Nyman et al. 1993; Stagg et al. 2020).

A robust body of research provides a detailed understand-
ing of shallow subsidence in coastal wetlands (reviewed in
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Cahoon et al. 2020), which is the downward movement of
the wetland surface relative to an established benchmark or
datum as influenced by subsurface processes (Cahoon et al.
2002). The surface elevation table-marker horizon (SET-
MH) method, developed to quantify contributions of surface
and subsurface processes to wetland elevation change, has
been used across the globe in both temperate and tropical
regions to evaluate elevation dynamics in coastal marshes
(Webb et al. 2013; Raposa et al., 2016; Kirwan et al. 2016;
Feher et al. 2022). Assessments of coastal wetlands world-
wide have illustrated that subsidence is an important con-
tributor to submergence of coastal wetlands (Cahoon et al.
2006; Kolker et al. 2011; Jankowski et al. 2017). However,
the vulnerability of wetlands that are gaining elevation is
still unclear (Kirwan et al. 2016; Saintilan et al. 2022),
emphasizing the need for a better understanding of addi-
tional mechanisms contributing to coastal wetland loss
(Fagherazzi et al. 2013).

Lateral processes are critical to marsh resilience (van de
Koppel et al. 2005; Mariotti and Fagherazzi 2013; Mariotti
2020), and marsh edge erosion is a principal driver of wetland
retreat in coastal wetlands around the world (Morton et al.
2009; Leonardi et al., 2016). Lateral erosion is primarily
controlled by waves, including wind-waves and boat wakes,
which impact the marsh edge and remove material from
the marsh surface, as well as below the surface along the
escarpment (Fagherazzi et al. 2007; Houser 2010; Mariotti
and Fagherazzi 2010). Tidal current, wetland surface elevation,
water level, and wetland soil and vegetation characteristics also
influence the rate of erosion (Wang et al. 2020; Valentine and
Mariotti 2019). Furthermore, erosion can occur in interior
wetlands, where it is characterized by the expansion and
deepening of interior ponds (Luk et al. 2023) and the formation
of amorphous ponds and edge retreat following hurricanes and
major storm events (Morton and Barras 2011).

Despite a growing awareness of the important contributions
of lateral erosion to coastal wetland land loss (Fagherazzi et al.
2013; Ganju et al. 2017), and the inclusion of both vertical
and lateral processes in marsh evolution models (Mariotti and
Carr 2014; Valentine and Mariotti 2019; Mariotti 2020; Ganju
et al. 2023), data characterizing the change in wetland eleva-
tion during an erosional land loss event, i.e. the conversion from
vegetated wetland to open water, is extremely limited (but see
Feagin et al. 2009; Steinmuller et al. 2022; Fig. S5 in Saintilan
et al. 2022). The objective of this study was to characterize the
relationship between vertical elevation change and lateral ero-
sion in coastal wetlands. We sought to answer the following
questions: (1) What is the relationship between wetland surface
elevation change and land loss in eroding tidal wetlands? (2) Is
elevation change a useful indicator of wetland loss in laterally
eroding wetlands? and (3) Is erosion a primary mechanism of
land loss in the Mississippi River Deltaic Plain?

Methods
Study Location

The Mississippi River Deltaic Plain was selected as the study
area due to the exceedingly high rates of land loss observed
in this region, where up to 25% of the original land area has
been converted to open water since 1932 (Couvillion et al.
2017). In response to the land loss crisis in coastal Louisiana,
the US Congress enacted the Coastal Wetlands
Planning, Protection, and Restoration Act (CWPPRA) to
fund restoration and protection of the nation’s valuable natu-
ral resource. The Coastwide Reference Monitoring System
(CRMS) was established to assess the impacts of restoration
and conservation efforts with CWPPRA funding. The CRMS
program provides an exceptional data resource, producing
standardized ecological and environmental data for approxi-
mately 390 coastal wetland sites since 2006 (https://www.
lacoast.gov/crms/Home.aspx). In addition to continuous
hydrologic data and species-level annual vegetation surveys,
the CRMS program provides long-term marsh surface eleva-
tion change data co-located with land cover change assess-
ments, allowing us to characterize the relationship between
elevation change and land loss.

To characterize mechanisms of land loss in tidal Missis-
sippi River Deltaic Plain wetlands, we quantified relation-
ships between land change and elevation change in focal land
loss study sites where elevation data was available during the
conversion from vegetated wetland to open water. Land loss
study sites (n=10) were selected based upon the following
criteria: must be tidally connected (tidal amplitude > 0 m;
Fig. S1) and must have complete and persistent land loss
within the elevation change data collection area (SET-MH
stations) during the study period (2008-2018) (Fig. 1). Of
the ten land loss study sites, eight sites were prime examples
of erosion. Aerial imagery analysis (Couvillion 2021) and vis-
ual observations (https://cims.coastal.la.gov/DataDownload/
DataDownload.aspx ?type=surface_elevation) from these
eight land loss study sites (Data S1) recorded lateral
transgression of the adjacent water body that eventually
expanded into the RSET stations (Fig. 2), providing a direct
measure of elevation change during the transformation
from vegetated wetland to open water (Fig. 3). Addition-
ally, we identified relationships between elevation change
and land change in 159 sites across the Mississippi River
Deltaic Plain to develop a land-change classification system.
Tidal wetland sites included in the analyses were located
in various geomorphic settings representing active and
abandoned phases of the delta cycle, with high riverine sedi-
ment deposition contributing to rapid growth and relative
stability in active deltaic settings, and low sediment deposi-
tion and subaerial deterioration in abandoned deltaic settings
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Fig.1 Location of tidally influenced coastal Louisiana marshes in
the Mississippi River Deltaic Plain. Red triangles represent 10 land
loss study sites (CRMS0174, CRMS0176, CRMS0121, CRMS0302,
CRMSO0315, CRMS0347, CRMS0355, CRMS0376, CRMS0489, and
CRMS0545). All sites identified here are part of the Coastwide Refer-

(Roberts 1997). The 159 CRMS sites were included in the
analysis based on the following criteria: non-floating, herba-
ceous, tidally influenced (tidal amplitude >0 m, http://cims.
coastal.louisiana.gov), and located within the Mississippi
River Deltaic Plain (Fig. 1).

Data Collection and Analysis

All data analyzed in this manuscript, including tidal ampli-
tude, land area change, and elevation change were acquired
from the publicly available CRMS program website (CPRA
2023). All data collection protocols are available in Folse
et al. (2020) unless otherwise stated.
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ence Monitoring System (Coastal Protection and Restoration Author-
ity (CPRA) of Louisiana 2023. Coastwide Reference Monitoring
System. Coastal Information Management System (CIMS) database.
https://cims.coastal.la.gov. Accessed 08 March 2023)

Land Change

We used land change matrices of aerial imagery published
for each CRMS site (Couvillion 2021) to calculate land area
change during the study period (2008 to 2018) (Data S1).
Land area change was calculated as the amount of land lost
(land converted to water) or land gained (water converted to
land) as a proportion of the original 2008 land cover area
in the 1-km> CRMS site boundary. Land change matrix
classes captured persistent land change as well as ephem-
eral, or oscillating, areas that both gained and lost land area
over the study period. Uncertainty in land change values was
estimated as oscillating area, which was summed to quantify
the total area that was oscillating between 2008 and 2018.
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O,
| Description 2005 | 2008 | 2012 | 2016 | 2018

Out Out | Out | Out | Out | Out
Persistent land Land | Land | Land | Land | Land
New Water - 2018 Land | Land | Land | Land |Water
Oscillating - Ephemeral water - 2016 Land | Land | Land | Water | Land
Persistent loss - 2016 Land | Land | Land | Water | Water
Oscillating - Ephemeral water - 2012 Land | Land | Water| Land | Land
Oscillating - Ephemeral water - 2012, 2018 | Land | Land | Water| Land | Water
Oscillating - Water - 2012, 2016 Land | Land | Water| Water | Land
Persistent loss - 2012 Land | Land | Water | Water | Water
Oscillating - Ephemeral water - 2008 Land |Water| Land | Land | Land
Oscillating - Ephemeral water - 2008, 2018 | Land | Water| Land | Land | Water
Oscillating - Ephemeral water - 2008, 2016 | Land | Water| Land | Water | Land

29°9'0"N

Oscillating - Water - 2008, 2016, 2018 Land | Water | Land | Water| Water
Oscillating - Ephemeral water - 2008, 2012 | Land | Water| Water | Land | Land
Oscillating - Water - 2008, 2012, 2018 Land | Water| Water| Land |Water
Oscillating - Water - 2008, 2012, 2016 Land | Water| Water | Water | Land
Persistent loss - 2008 Land | Water | Water | Water | Water
20°8'50"N Persistent gain - 2008 Water| Land | Land | Land | Land
Oscillating - Land - 2008, 2012, 2016 Water| Land | Land | Land | Water
Oscillating - Land - 2008, 2012, 2018 Water| Land | Land | Water| Land
Oscillating - Epk 1 land - 2008, 2012 |Water| Land | Land | Water | Water
Oscillating - Land - 2008, 2016, 2018 Water| Land | Water| Land | Land

Oscillating - Ephemeral Land - 2008, 2016 [Water| Land | Water | Land | Water
Oscillating - Ephemeral Land - 2008, 2018 [Water| Land | Water | Water| Land

Oscillating - Epk 1 land - 2008 Water| Land | Water | Water | Water

Persistent gain - 2012 Water| Water| Land | Land | Land

Oscillating - Land - 2012, 2016 Water| Water | Land | Land | Water

Oscillating - Ephemeral land - 2012, 2018 | Water| Water| Land | Water | Land

29°8'40"N Oscillating - Ephemeral land - 2012 Water| Water| Land | Water| Water
Persistent gain - 2016 Water| Water | Water| Land | Land

Oscillating - Ephemeral land - 2016 Water | Water | Water | Land | Water

New land - 2018 Water | Water | Water | Water| Land

Persistent water Water| Water| Water | Water| Water

I I

Fig.2 Land change matrix at CRMS Site 302, illustrating lateral ero-
sion from the adjacent water body resulting in persistent land loss
(shown in a red-yellow color ramp) during 2005-2018. Photos high-
light observed erosion and conversion to open water at CRMS0302.
Photos show (a) vegetated wetland in Spring 2012 in contrast to

If persistent land gain or loss was less than total oscillating
land change, sites were classified as oscillating, and land
change trajectories were not interpreted.

Elevation Change and Acceleration

Surface elevation change was measured at CRMS sites
using the rod surface elevation table (RSET) methodol-
ogy established by Cahoon et al. (2002). Establishment
of RSET benchmarks at~300 CRMS sites occurred in
2006-2008. For purposes of these analyses, the benchmark

(b) open water in Spring 2016. (Coastal Protection and Restoration
Authority (CPRA) of Louisiana 2023. Coastwide Reference Monitor-
ing System- Land Change Matrix modified from (Beck et al. 2021).
Photo credit: CRMS, public domain

establishment date, or baseline, was set to 2008. Detailed
protocols for RSET benchmark establishment and data col-
lection at the CRMS sites is available in Folse et al. (2020).
From the RSET benchmark, surface elevation was meas-
ured at least annually from nine points in each of four car-
dinal directions. For every sampling event, mean elevation
change was calculated for each of the four cardinal direc-
tions, and a single elevation change rate was calculated
using linear regression of elevation change over time (mm
y~!) for each RSET benchmark (Cahoon et al. 2002; Data
S1). To determine the change in elevation rate, an elevation

@ Springer
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Fig.3 Time-series photos illustrating the relationship between sur-
face elevation change and erosion of the selected land loss study site
CRMO0302. (A) Wetland surface elevation (mm) of land loss study
site. CRMS0302 spanning the transition from vegetated wetland to
open water. The red dotted line denotes the conversion of vegetated
wetland to open water within the SET-MH station, which occurred
in Fall 2015. Gray shading/lower-case letters correspond to SET-MH

acceleration rate (mm y_2) was calculated as the change
in the annual elevation change rate (mm y~') over time
(y) (Data S1, S2). Following benchmark establishment, at
least 5 years of data were required to calculate the initial
annual elevation change rate (Lynch et al. 2015); therefore,
in the elevation acceleration analysis, a single elevation
change rate was calculated for the period 2008-2013, after
which elevation change rates were calculated annually until
2021. Additionally, in the ten land loss study sites, where
complete land loss occurred in the SET-MH sampling area,

@ Springer

photos in panel B. (B) Photos of SET-MH station in land loss study
site CRMSO0302 illustrating (a) a vegetated wetland in Spring 2015,
(b) significant loss of vegetation in Fall 2015, and (¢) complete con-
version to open water in Fall 2016. Site CRMS0302 was subsequently
destroyed by Tropical Storm Cindy in 2017 and removed from the
CRMS data collection network. Photo credit: CRMS, public domain

the period of record used to calculate elevation change was
shortened to include data collected only while the RSET
station was vegetated, preceding the conversion to open
water (Table S1). Linear regressions were used to calcu-
late elevation change rates (mm y~') and acceleration rates
(mm y~2), which represent an approximation of the average
rate and derivative, respectively, over the period of record.
All analyses were performed in JMP statistical package
(JMP®, Version 13.2.1. SAS Institute Inc., Cary, NC, USA,
1989-2021) (Table S1).
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Fig.4 Conceptual model of criteria used to define the five land
change mechanisms based upon land change and elevation change
trajectories. Positive trajectories (+) represent land gain and elevation
gain. Negative trajectories (—) represent land loss and elevation loss.
Oscillating sites are represented by both positive and negative (+/—)
land change trajectories

Land Change Mechanism Classification

Using the elevation change and land change trajectories, we
defined five discrete mechanisms of land change (oscillat-
ing, land building, vertical drowning, lateral erosion, and
recovering) for all tidal herbaceous wetlands in the Missis-
sippi River Deltaic Plain (n=159; Fig. 4; Table 1). Elevation
change was classified as gaining (positive) or losing (nega-
tive) elevation based upon the overall elevation change rate
(mm y_l) for the site. Further refinement of the elevation
change classification was based upon acceleration rates (mm
y~?), increasing (accelerating), decreasing (decelerating),
or no trend (estimated using linear regression fit statistics
R*<0.1, Data S1). Land change was classified as gaining

(positive), losing (negative), or oscillating (positive/nega-
tive) land based upon the persistent net change in land cover
from 2008 to 2018. Land building was defined by land gain
and elevation gain. Vertical drowning was defined by a com-
bination of land loss and elevation loss, whereas lateral ero-
sion was defined by a combination of land loss and elevation
gain. Recovering was defined by land gain and elevation
loss. Sites with no clear acceleration trend (R><0.1) were
not assigned land change mechanisms (=N/A, Table 1).

Results
Land Change

Nearly half of all tidal marsh sites in the Mississippi River
Deltaic Plain, 47% (74 sites), experienced persistent land
loss between 2008 and 2018 (Fig. 5). Persistent land gain
was observed in only 14% of the region (22 sites), and
the remaining 40% (63 sites) had oscillating land change,
with both land gains and land losses over the period of
study. Land change at sites with persistent land loss ranged
between —2% and —80% during 2008-2018 (Fig. 5). The ten
land loss study sites, which were selected following observed
persistent land loss in the SET-MH station, had some of the
greatest overall land loss at the site level (Fig. 5).

Elevation Change
Most tidal marshes in the Mississippi River Deltaic Plain,

94% (149 sites), had positive elevation trajectories, or ele-
vation gain, and less than 6% of the region (10 sites) had

Table 1 Land change

. . Land change Elevation change Mechanism N % of Region N
mechanisms defined by unique .
combinations of land change Sites Land Loss
trajectory, elevation change Study Sites
trajectory, and elevation change
acc;lera.tion (Fig. 4). Nurpber Land Gain Accelerating Elevation Gain  Land Building 10 6 0
of sites n each Clas,s (N sites, Decelerating Elevation Gain  Land Building 6 4 0
% of Region) quantified from . ) .
the total 159 tidal marsh sites Decelerating Elevation Loss ~ Recovering 2 1 0
in the Mississippi River Deltaic Accelerating Elevation Loss ~ Recovering 0 0 0
Plain. Sites with no czlear No Acceleration Trend N/A 4 3 0
acceleration ,trend (R"<0.1) Oscillating Land ~ Accelerating Elevation Gain ~ Oscillating 31 19 0
were not assigned land change . . . o
mechanisms (N/A) Decelerating Elevation Gain ~ Oscillating 20 13 0
Decelerating Elevation Loss ~ Oscillating 1 1 1
Accelerating Elevation Loss ~ Oscillating 0 0 1
No Acceleration Trend N/A 11 7 0
Land Loss Accelerating Elevation Gain  Lateral Erosion 33 21 2
Decelerating Elevation Gain ~ Lateral Erosion 27 17 2
Decelerating Elevation Loss ~ Vertical Drowning 3 0
Accelerating Elevation Loss ~ Vertical Drowning 5 3
No Acceleration Trend N/A 0
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Fig.5 Relationship between
land change (y-axis) and
wetland surface elevation
change (x-axis) in 159 tidal
marshes across the Mississippi
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negative elevation trajectories over the period 2008-2021
(Fig. 5). Of the 149 sites gaining elevation, only 13% (20
sites) had persistent land gain, and half of these sites were
located within active deltaic settings (Fig. 5, top right quad-
rant). Remarkably, most sites with persistent land loss had
positive elevation trajectories. Only 11% of sites (8 sites)
with persistent land loss had negative elevation trajectories
(Fig. 5, bottom left quadrant), and the majority of sites with
persistent land loss had positive elevation trajectories (90%,
67 sites) (Fig. 5, bottom right quadrant).

Elevation Change (mm y'1 ) 2008-2021

Elevation Change Acceleration

In all the eroding land loss study sites, including those
with slowing elevation gain, marsh surface elevation
increased prior to a dramatic decline in elevation associ-
ated with conversion to open water, or persistent wetland
loss (Fig. 3; Fig. 6; Data S1). Furthermore, in several erod-
ing land loss study sites we observed a positive accel-
eration in elevation gain preceding the conversion from
vegetated marsh to open water (Fig. 6).

Fig.6 Rate of annual wetland
surface elevation gain (y-axis)
over time (x-axis) in land loss
study sites with sufficient data
to calculate acceleration (mm
y~2). Positive acceleration rates
represent faster elevation gain
over time, and negative accel-
eration rates represent slowing
elevation gain over time. Eleva-
tion change rates were estimated
using data from the vegetated
marsh only, during the period
preceding land loss in the SET-
MH station (Table S1)
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Land Change Mechanisms

We quantified elevation change acceleration for all tidal
marshes in the Mississippi River Deltaic Plain and found
that almost half of the tidal marshes, 47%, are gaining eleva-
tion at an increasing rate (75 sites, Fig. 7). In tidal marshes
with increasing rates of elevation gain, most sites had per-
sistent land loss, including sites with the highest rates of
land loss in the region (Fig. 7, top right quadrant). Very few
tidal marshes had accelerated elevation gains along with
land gains, and the majority of these sites were located in
the active Atchafalaya and Belize Deltas (Figs. 7-8). These
data illustrate that land gain is restricted to active delta set-
tings, and accelerated elevation gains are predominantly
associated with land loss.

Of the 74 sites with persistent land loss, less than 10% (8
sites) were classified as vertical drowning. In contrast, the
majority of land loss sites, 82%, were classified as lateral ero-
sion. Results from this analysis clearly illustrate that lateral
erosion is currently the dominant mechanism of land loss in
the Mississippi River Deltaic Plain and highlight the need to
interpret land change and elevation change in tandem in coastal
Louisiana (Fig. 8).

Discussion

Recent research highlights a disconnection between verti-
cal elevation change and lateral erosion processes in current
wetland evolution and land loss assessments (Mariotti and
Fagherazzi 2010; Ganju et al. 2023). Similar to our results,
Steinmuller et al. (2022) observed rapid marsh loss associ-
ated with lateral erosion as marshes simultaneously gained
elevation. In fact, several numerical models have described
a scenario in which the wetland surface maintains vertical
equilibrium with sea-level rise as the unstable marsh bound-
ary retreats (Mariotti and Fagherazzi 2010; Tambroni and
Seminara 2012; Mariotti and Carr 2014). Yet few studies
have measured the change in marsh elevation during an
erosional land loss event. The current study of 159 tidal
marshes in Mississippi River Deltaic Plain reveals that erod-
ing marshes not only gain elevation but also have a unique
elevation signature, accelerated elevation gain, that, outside
of active delta settings, indicates impending wetland loss.
In the current study sites with accelerated elevation gains,
increases in elevation were driven by high rates of surface
accretion (Fig. S2). It is possible that accelerated accretion
was tracking increasing rates of sea-level rise (Weston et al.

75+

50+

251 A

Elevation Change (mm y‘1 ) 2008-2021

-25+

Land Change
yAN 2008-2018(% Initial)
00

50

2 3 4

Elevation Acceleration (mm y_2 )

Fig.7 Relationship between elevation change (y-axis), elevation
acceleration (x-axis), and land loss (color ramp) in 159 tidal marshes
across the Mississippi River Deltaic Plain. Triangles represent the
land loss study sites, and diamonds represent sites that are oscillating.

Open symbols represent marshes in an active delta setting. Land loss
is represented by negative land cover change values (yellow, orange
and red), and land gain is represented by positive land change values
(blue and purple)
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Fig.8 Map of five land change mechanisms identified in 159 tidal
marsh sites within the Mississippi River Deltaic Plain. Land change
mechanisms were defined by land change trajectory, elevation change

2023); however, accretion rates observed during the study
period (2008-2021) exceeded contemporaneous rates of rel-
ative sea-level rise (RSLR) estimated for this region by Yin
(2023) (RSLR=12.9 mm y~!, period =2010-2022; Fig. S2).
These results suggest that accelerated rates of accretion are
due to increased availability of sediment (Kirwan et al.
2010; Fagherazzi et al. 2012), derived from resuspended
soils eroded from the adjacent marsh edge (Hopkinson et al.
2018). The ensuing deposition of eroded material forms a
natural levee ridge along the retreating edge that appears as
accelerated elevation gain in the elevation change record.
While sediment transfer from the eroding edge prevents
drowning of the more interior marsh (Schepers et al. 2020),
this provides a false perception of stability, as the sediment
source is autochthonous (i.e., cannibalized from the system;
Mariotti and Carr 2014; Ganju et al. 2015; Edmonds et al.
2023). Furthermore, as the edge continues to retreat, the
levee ridge, or transgressive berm, will migrate inland until
the entire SET-MH station is converted to open water, result-
ing in an abrupt decline in elevation (Saintilan et al. 2022).

@ Springer

trajectory, and elevation acceleration (Table 1). Land loss study sites
are denoted by triangles, and sites located within an active delta are
represented by open symbols

Thus, the accelerated gain immediately preceding the ero-
sional land loss event is a pre-cursor to marsh loss and an
indicator of wetland vulnerability.

Accelerated elevation gain attributable to subsurface
expansion was also observed at some sites (Fig. S2), where
the rate of wetland elevation change exceeded rates of
accretion. Subsurface expansion has been ascribed to bio-
logical processes, such as root growth (McKee, 2007; 2011;
Stagg et al. 2016) and physical processes, such as swelling
of water-filled pore space in the soil (Nuttle et al., 1990;
Cahoon et al. 2011). Subsurface expansion is also an indi-
cator of a floating marsh, which is characterized by a thick
floating vegetated mat that detaches from the substrate peri-
odically or floats continuously (Swarzenski et al., 1991).
In the current study, subsurface expansion was observed
in three sites with persistent land loss. Root mat detach-
ment was confirmed in one of these sites, a land loss study
site (CRMS0545), which was floating prior to erosion of
the SET-MH station by Hurricane Barry in 2019 (Fig. S3).
These results illustrate that not all accelerated elevation gain
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is associated with erosion, again emphasizing the impor-
tance of interpreting elevation change data in the context of
historic land area change.

Incorporating observations of land change with elevation
change data is critical for providing an accurate assessment
of coastal wetland vulnerability. As illustrated in this study,
wetland elevation change alone does not adequately capture
vulnerability to land loss, because it cannot account for lat-
eral processes that control wetland resilience to sea-level
rise (Mariotti 2020). Recent studies have integrated spatial
estimates of land change with elevation change data to assess
wetland vulnerability (Ganju et al. 2023) and better under-
stand mechanisms of land change (Ganju et al. 2017; Stagg
et al. 2020). Yet accurately characterizing persistent land
change at many of the study sites in the Mississippi River
Deltaic Plain remains challenging.

Wetlands are dynamic ecosystems, adapting to ever-changing
environmental conditions associated with tidal flooding,
storms, and rising sea levels through sediment accretion and
organic matter production (Nyman 1993; Cahoon et al. 2006).
Thus, it is not surprising that many of these systems experi-
ence both land gains and losses over time as environmental
conditions change (Couvillion et al. 2021). We can achieve
a greater understanding of long-term trajectories of net land
gains and net land losses within the context of geomorphic
setting, specifically deltaic setting. Generally, wetlands in
active deltas build land, whereas wetlands in abandoned deltas
lose land (Fisk et al. 1954; Roberts 1997). Indeed, in the cur-
rent study, almost all persistent land gain and all land building
was limited to sites within the active Atchafalaya River (Wax
Lake Delta) and Mississippi River (Belize Delta) deltas. Con-
versely, we observed that very little land loss was occurring
in these active delta sites; rather, 97% of persistent land loss
occurred outside of the active deltas. Given that most oscil-
lating sites were not located in the active delta, we expect that
land loss will dominate these sites in the future.

To enhance our ability to identify mechanisms of land
loss, future studies could incorporate more complex analy-
ses of land change, as presented in Couvillion et al. (2021).
Although we chose to use linear estimates of land change to
match the temporal scale of the elevation change estimates,
future studies could improve the relationships between eleva-
tion change and land loss in these oscillating sites by using
non-linear analyses (Couvillion et al. 2021; Feher et al. 2022)
to capture the non-linear biophysical feedbacks that govern
marsh stability (Kirwan and Megonigal 2013; Stagg et al.
2020). Additional land change assessment tools, such as the
unvegetated/vegetated marsh ratio (UVVR) developed by
Ganju et al. (2017), have been shown to agree well with sedi-
ment budgets of coastal marshes, and can be used as robust
indicators of wetland vulnerability, accounting for both verti-
cal and lateral process of marsh formation and deformation.

Notwithstanding the more conservative approach of
excluding oscillating land change sites, we confirmed per-
sistent land loss in the majority of this region. By integrating
spatial assessments of land change data and wetland eleva-
tion change, we identified accelerated elevation change in
sites with persistent land loss as an indicator of erosion.
Based on this definition, our results show that 82% of land
loss sites in this region are experiencing erosion. Histori-
cally, there has been a strong emphasis on the contribution
of vertical drowning to wetland loss in coastal Louisiana
(Boesch et al. 1994; Morton et al. 2002; Reed 2002; Day
et al. 2007, 2011; Blum and Roberts 2009; Kolker et al.
2011; Jankowski et al. 2017; Blum et al. 2023). Indeed, we
observed land loss in all sites with negative elevation trajec-
tories, indicating vertical drowning of these wetlands. How-
ever, our results illustrate that erosion is a dominant mecha-
nism of land loss in the Mississippi River Deltaic Plain, and
future research that incorporates both lateral and vertical
processes is necessary to provide more robust assessments
of wetland vulnerability to climate and land use change.

Conclusion

In conclusion, our study reveals that (1) erosion is a dominant
mechanism of land loss in the Mississippi River Deltaic Plain,
(2) lateral erosion can lead to rapid wetland loss characterized
by accelerating elevation gains, and (3) elevation change data
alone are not sufficient to assess wetland vulnerability. Assess-
ments that incorporate spatial estimates of land loss are critical
for accurately predicting wetland vulnerability to submergence.
Future studies that integrate lateral and vertical processes of
wetland evolution and loss can help to provide a more robust
understanding of wetland vulnerability.
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