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Abstract Back-barrier islands are understudied, dynamic, soft-sediment coastal landscapes located in
fetch-limited environments. They are of key ecological importance; however, they are threatened by global
change impacts including increasing storm surges and sea level rise. This study aimed to investigate the soil
erosion resistance to hydraulic forces of different habitats across a sandy back-barrier island with characteristic
sandy subsoils that has been managed >100 years to prevent its complete erosion and submergence. We
quantified sheet and lateral soil erosion resistance in flumes, investigated their correlations with sediment and
belowground vegetation characteristics, and discussed how these characteristics may relate to the island's past
management and development. Soil cores were collected from the barrier dune ridge, back-barrier marshes and
unvegetated sandflats and were exposed laterally to waves (lateral erosion) and horizontally to water flow (sheet
erosion). Resistance to sheet and lateral erosion was not correlated. Resistance to lateral erosion depended on the
thickness of the cohesive topsoil layer accreted by the marsh vegetation on top of a sandy subsoil. For instance,
marsh soils with thin cohesive topsoils were resistant to sheet erosion (<0.5 cm erosion in 3 hr) but not to lateral
erosion (collapsed within the first 10 min), which could make them vulnerable to wave attacks if they get
laterally exposed during island erosion. Topsoil thickness was related to marsh elevation and age. In turn, the
development of the cohesive layer may be related to the past management of the island, as soft engineering
measures such as beach nourishments can create sheltered conditions for marsh development.

Plain Language Summary Back-barrier islands are features of sandy coastal landscapes that can be
found in the shelter of barrier island chains. They have high ecological value as coastal breeding bird habitats or
roosting sites for migratory birds. They are however threatened by sea level rise and increasing storm surges due
to climate change. We quantified how soil and plant properties on a back-barrier island affect soil erosion
resistance. We found that the thickness of the fine-grained top layer trapped by salt marsh plants positively
improved the erosion resistance of both the topsoils and sediment cliffs. The thickness of this erosion-resistant
layer was determined by marsh age and elevation. Management strategies to prevent climate change-induced
erosion of back-barrier islands may increase the island's soil erosion resistance by creating (long lasting)
sheltered conditions for marsh development.

1. Introduction

Barrier islands are dynamic, migrating, soft-sediment coastal landscapes that play a major role in flood defense by
protecting mainland shorelines from ocean waves and storms (Cooper et al., 2007; Oertel, 1985; Otvos, 2020).
Back-barrier islands or fetch-limited barrier islands are a type of smaller sandy barrier island that can be found
behind the ocean barrier islands in estuaries or bays (Cooper et al., 2007). These islands are of key ecological
importance in estuarine coastal landscapes by providing breeding and roosting habitat for shore birds (Loonstra
et al., 2016; Piersma et al., 1993) and pupping ground for gray seals (Brasseur et al., 2015). In contrast to ocean
barrier islands, back-barrier islands do not often accommodate aeolian-formed dunes. Instead, a beach or a
chenier ridge can be found on the exposed seaward side created by shells and beach wrack deposited during
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Figure 1. Processes important for the formation and dynamics of small back-barrier islands. The barrier ridge is eroded during
storms on the exposed side while the back-barrier marsh grows during calmer storm conditions. Dashed arrows indicate
directions of sediment transport. Illustration modified from Govers and Reijers (2021).

stochastic storm surges (Castagno et al., 2018; McBride et al., 2007; Neal et al., 2002; Nordstrom & Jack-
son, 2012; Pilkey et al., 2009; Sirianni et al., 2022) (Figure 1). During storms, islands can both accrete through
overwash processes and erode, especially around the island edges (Castagno et al., 2018; Conery et al., 2018;
Otvos, 2020; Sirianni et al., 2022; Timmons et al., 2010) (Figure 1). Additionally, the chenier may migrate over
the marsh, promoting marsh development in the new sheltered area while leaving a marsh fringe on the exposed
side of the island (Cooper, 2013).

The shape and migration of back-barrier islands are not only dependent on storms but also on vegetation char-
acteristics (Cooper et al., 2007; Morton, 2002; Pilkey et al., 2009). Coastal vegetation may play a key role in
stabilizing back-barrier islands by attenuating waves, winds and currents (Feagin et al., 2015; Pilkey et al., 2009).
In addition, vegetation traps fine sediment, accumulates organic matter and produces belowground biomass (i.e.,
roots and rhizomes), all variables related to higher erosion resistance (e.g., dunes: De Battisti et al., 2020;
marshes: Feagin et al., 2009; Ford et al., 2016; Marin-Diaz, Govers, et al., 2021; Marin-Diaz et al., 2022; Spencer
et al., 2016; Wang et al., 2017). High root density is especially important for erosion reduction in sandy soils for
both lateral erosion (De Battisti et al., 2019; Lo et al., 2017; Marin-Diaz, Govers, et al., 2021) and topsoil erosion
(Marin-Diaz et al., 2022). Therefore, vegetation-mediated soil modifications may be an important factor for
predicting island development and resistance to storm surges. However, to our knowledge, soil erosion-resistance
of different habitats in back-barrier islands in relation to island developmental stage and management has never
been investigated.

Sheet erosion (i.e., topsoil erosion) can occur due to increased bed shear stress from currents or waves during
storms (Van Rijn, 1984a, 1984b), and is an integral component of storm surge and overwash processes (Figure 1).
Lateral erosion, also called cliff erosion, may be important during storm surges in zones laterally exposed to
waves such as the island edges (Leonardi et al., 2018). Back-barrier marshes that were initially on interior areas of
barrier islands may become exposed due to the faster migration of the dune or chenier over the marsh
(Cooper, 2013). Furthermore, back-barrier marshes, where cohesive topsoils can form on initially unstable sand
flats during marsh development, may have sandy subsoils which are typically non-cohesive (Marin-Diaz, Govers,
et al., 2021; OIff et al., 1997). This suggests that if these types of marsh profiles become exposed on the island
edges due to island erosion, they could be vulnerable to lateral erosion even if they are resistant to sheet erosion.
However, to our knowledge, simultaneous investigation of sheet and lateral soil erosion resistance has not been
previously conducted, and this is especially important for sandy marshes.
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Deterioration of barrier islands due to sea level rise and extreme storm surges (Seneviratne et al., 2021), changes
in hydrodynamics (e.g., by building of dams), changes in sediment supply or human inhabitation (Conery
et al., 2018; Govers & Reijers, 2021; Morton, 2002; Otvos, 2020; Timmons et al., 2010) may lead to the need for
management measures to prevent their complete loss (Oliver & Ramirez-Avila, 2019; Rosati, 2009). Soft en-
gineering measures that promote vegetation-sedimentation feedback or the construction of chenier-like dikes can
promote island integrity and hence enhance their stability. For example, the construction of elevated landforms
such as sand dikes create more sheltered conditions on the wake of the island, which may induce marsh formation
(Govers & Reijers, 2021). In some cases, reinforcement may be required as the island ecosystem might erode
completely, which may be undesirable from the perspective of human use or key ecosystem functions. On the
other hand, the migration of back-barrier islands is a natural process in which dynamic processes forming these
islands (e.g., storm surges) promote high habitat heterogeneity and vegetation-sedimentation processes (Cooper
et al., 2007; Osswald et al., 2019; Rosati, 2009). Reducing morphological dynamics due to denser or more stable
vegetation may thus affect the ecosystem functioning of these islands (Osswald et al., 2019; Rosati, 2009).
Overall, most of the research on barrier island management focuses on ocean barrier islands (Oliver & Ramirez-
Avila, 2019; Rosati, 2009) and to our knowledge, no studies have focused on the effects of soft engineering
measures on back-barrier islands yet.

To further understand the soil erosion resistance of sandy back-barrier islands with characteristic sandy subsoils,
this study (a) quantified sheet and lateral soil erosion resistance of different habitats across a managed sandy back-
barrier island, (b) investigated correlations between sheet and lateral soil erosion resistance in relation to sediment
and belowground vegetation characteristics, and (c) explored how these characteristics may be related to the past
management and development of the island. We focused on small-scale sediment erosion to assess specific
processes, with island-scale erosion rates, which involve other large-scale factors, being beyond the scope of this
study.

2. Materials and Methods

2.1. Description of the Study Site and Past Management

The study was conducted on Griend, an uninhabited back-barrier island in the Dutch Wadden Sea (53°14'25"N,
5°14'54"E) (Figures 2a and 2b). The normal tidal range in this area is ~1.9 m, with a mean high tide level of
~0.83 m MSL (mean sea level) and a mean spring high tide level of ~0.93 m MSL (RWS, 2013). The closest
hydrodynamic data to the island was found in a paper by Marin-Diaz, Fivash, et al. (2021), which recorded wave
data between 2017 and 2019 on the tidal flat south of Griend at an elevation of approximately —0.3 m MSL. The
measured maximum mean water depths reached approximately 2 m MSL, and the highest significant wave height
during high tides was ~0.7 m, although most of the significant wave heights were below 0.2 m.

In this region, the formation of barrier islands started on an initial coarse-grained sandy substrate, and once the
back-barrier marsh vegetation was established, a layer of fine-grained sediment and organic matter started
accreting over time on top of the sand (OIff et al., 1997). Similarly, Griend is characterized by sandy soils, with a
distinguishable thin layer of cohesive fine-grained sediment accreted on top of the sand by the marsh vegetation in
the back-barrier marsh area (Figures 2c and 2d).

Back-barrier islands are mobile but can disappear due to changes in hydrodynamics and sediment dynamics in the
tidal basin (Govers & Reijers, 2021). In 1930, the adjacent basin (now Lake Ijssel) was closed off by a 30 km long
dam (“Afsluitdijk”) (Figure 2a), resulting in a reported increase in the tidal amplitude (~15 cm or more) and storm
surge levels in the area around Griend (Brouwer et al., 1950; Govers & Reijers, 2021). Although exact values of
this change around Griend are not available, an increase in the tidal range of ~0.5 m was measured in the nearby
location of Harlingen (Rietveld, 1962). This alteration led to a trend toward gradual disappearance of the island
(Brouwer et al., 1950; Govers & Reijers, 2021) (Figure 3a). To prevent complete disappearance of the island, and
the consequent loss of its key function as a bird sanctuary (Loonstra et al., 2016; Piersma et al., 1993) and pupping
ground for gray seals (Brasseur et al., 2015), several large-scale management interventions including various
types of breakwaters and dikes have taken place since 1925 (Govers & Reijers, 2021). In the 1980s (1985-1988),
a 2.5 km long sand dike with a hook shape was constructed on the west and north sides of the island (900,000 m*
sand) to prevent further erosion (Figures 3a and 3b). Subsequently, this measure led to marsh development in the
sheltered region between the dune ridges, which continued growing toward the east. In 2016, the western side of
the dike had almost disappeared, and a large (200,000 m®) beach nourishment on the western side of the island
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Figure 2. (a) Location of the fetch-limited back-barrier island of Griend in the Netherlands; (b) Locations of the sampling
sites in Griend; (c) Schematic representation of the island profile depicting sandy subsoils and cohesive topsoil accreted by
the back-barrier marsh. Stars indicate the approximate location of the sampling sites and the elevation measured in the field
(Mean Sea Level); (d) Example of a marsh soil profile where the cohesive top layer can be differentiated from the sandy
subsoil (ruler in cm). Aerial imagery source: PDOK (Dutch Public Geodata Portal).

was implemented. Additional actions such as the construction of shell ridges (20,000 m), sod removal to set back
vegetation development on the dike/dune and a washover to mimic natural inundation dynamics of the island
were also performed (Govers & Reijers, 2021). These interventions led to the present island shape with a rela-
tively young marsh (Figures 3a and 3b). The contours of the island in Figure 3a were manually delineated by
tracing the shoreline from available aerial imagery (Google Earth).

2.2. Sheet and Lateral Erosion

Soil cores were collected in March 2019, in five locations along a cross section of the island, to test the resistance
to sheet and lateral erosion with different vegetation and soil types. From west to east, three cores for sheet erosion
and three cores for lateral erosion were collected on each sampling location (Figures 2b and 2¢): in the dunes
dominated by Ammophila arenaria (~4.5 m MSL) followed by the oldest marsh dominated by Atriplex portu-
lacoides (~1 m MSL), marsh dominated by Elytrigia atherica (~1.3 m MSL), marsh dominated by Aster tri-
polium (~1.2 m NAP) and finally, bare tidal flat (~1 m MSL). The elevation of each sampling site was measured
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Figure 3. (a) Development of the island between 1981 and 2018. Contours were manually delineated by tracing the shoreline
from available aerial imagery (Google Earth) in designated years; and (b) Evolution of the island and its habitats over the
years, including the main soft engineering measures performed. Habitat polygon maps were obtained from the VEGWAD
program (Rijkswaterstaat). Stars indicate the sampling locations.

using an RTK-GPS (Leica GS12). All soil cores were transported to the Royal Netherlands Institute for Sea
Research (NIOZ) in Yerseke and stored for 1 week in tanks with seawater from the Oosterschelde estuary until the
erosion test. The duration of the erosion tests was not set to mimic a real storm or calculate island-scale erosion
rates, but to reach constant erosion rates and test differences in erosion resistances between different habitats,
using conditions comparable to previous studies from Lo et al. (2017), Wang et al. (2017), Marin-Diaz, Govers,
et al. (2021) and Marin-Diaz et al. (2022).

Sheet erosion was determined in a fast-flow flume developed at the NIOZ as in Marin-Diaz et al. (2022). The
flume included a water tank that was filled at a constant flow rate of 247 L/min. The tank had an opening at the
bottom of one corner, measuring 2.4 cm in height and 11 cm in width, from which water flowed at a constant
speed of 2.3 m/s and with an estimated bottom shear stress of approximately 27 N/m?, which could occur for
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example, during a dike breach (see calculations in Appendix S1 of Marin-Diaz et al., 2022). The outflowing water
was disposed of. The samples for sheet erosion tests consisted of rectangular soil cores of 40 cm long X 20 cm
high X 12 cm width. The cores were extracted with a custom-made steel box core with sharp edges that cut
through roots and rhizomes. Next, they were placed into a customized wooden box, which fitted in the fast-flow
flume. The soil cores were then cut to 32 cm in length, with the remaining part used for belowground vegetation
analysis. Aboveground vegetation was clipped before the erosion test to focus on the intrinsic soil erosion in-
dependent of the effect of the aboveground vegetation as in Marin-Diaz et al. (2022). The samples in the wooden
boxes were placed on the other side of the flume opening and exposed to continuous water flow. Topsoil erosion
was determined after 10 min, 1, 2, and 3 hr as the average change in elevation measured with a calibrated stick in a
spatial grid of 3 cm in the axis parallel to the flow and 3.7 cm in the axis cross-stream, with a 1 mm vertical
resolution.

Lateral erosion was determined in four wave flumes developed at the NIOZ of 360 cm long X 90 cm high X 82 cm
wide as in Lo et al. (2017), Wang et al. (2017), and Marin-Diaz, Govers, et al. (2021). The same settings of ~8 cm
wave height with swash intersecting the whole core were used as in Lo et al. (2017) and Marin-Diaz, Govers,
et al. (2021). Lateral erosion samples consisted of round soil cores of 15 cm diameter and 20 cm depth collected
by inserting PVC pipes with sharp edges that cut through roots and rhizomes in the soil and carefully digging them
out as in Marin-Diaz, Govers, et al. (2021). The cores were transferred into metal cylinders with 12 cm width
opening in the longitudinal side. The exposed side was cleanly sliced and adjusted to 15 cm height. Lateral erosion
was determined after 10 min, 1, 2, 4, 8, 24, 32, and 45 hr of wave exposure. Cores with readily erodible sandy
bottom collapsed after 10 min, and only the marsh cores dominated by Atriplex resisted for the entire 45 hr.
Erosion (% of volume eroded) was determined by photogrammetry (structure from motion) (Marin-Diaz, Govers,
et al., 2021; Nieuwhof et al., 2015).

2.3. Belowground Vegetation Properties

Belowground biomass from the subsample of the topsoil erosion core was cleaned over a 1 mm sieve and
separated into roots and rhizomes as in (Marin-Diaz, Govers, et al., 2021). All the rhizomes, including those that
were dead, were distinguishable and subsequently separated into the rhizome compartment. From each sample, a
representative subsample of coarse roots (>0.5 mm diameter) and fine roots (<0.5 mm diameter) was separated
from the root fraction to extrapolate the biomass of coarse roots and fine roots to the entire sample. Fine roots
included some fine dead root material that could not be distinguished and removed (cf. De Battisti et al., 2019;
Marin-Diaz, Govers, et al., 2021). Biomass was obtained by drying the samples at 60°C until constant weight.
Compartmental densities were calculated as the dry biomass by the soil sample volume (g cm™). This biomass
was representative of both sheet and lateral erosion core samples.

2.4. Sediment Properties

Sediment samples up to ~30 cm depth were collected next to each erosion core with a sharp 2.2 cm diameter
gouge that easily cuts through rhizomes and roots. We checked that the gouge did not cause compaction of the
sample. If compaction was observed, the collection was repeated, and if needed, the superficial roots and rhi-
zomes were carefully cut around the perimeter of the gouge to facilitate the insertion. A clear transition between
the coarse sandy subsoil and the fine-grained cohesive topsoil allowed us to measure the thickness of the cohesive
topsoil (Figure 2d) (Elschot et al., 2015; Olff et al., 1997). To further explore the depth of the cohesive top layer on
the island, cohesive topsoil thickness was measured at 10 additional locations along the cross section of the island,
and four perpendicular to the main transect. Sediment properties were determined from the top 5 cm of soil and
from the sandy subsoil up to 20 cm, separately. For marsh cores with cohesive layers thinner than 5 cm, the
properties of the top layer were determined up to the sandy subsoil to avoid mixing. Sediment samples were
weighed and freeze-dried for 4 days. Water content was determined by subtracting dry weight from wet weight.
Bulk density was calculated as the dry weight per known volume (g cm™). Soil organic content was measured by
the loss on ignition method after burning the sediment for 6 hr at 450°C as in Lo et al. (2017). Thick rhizomes
were removed to avoid biases in soil organic content. Sediment grain size was determined using a laser particle
sizer (Malvern ® Mastersizer 2000). Lastly, a dynamic soil deformation test was conducted in the field, next to
each erosion core, as a proxy for soil porosity and deformability by releasing a 5 kg weight of 10 cm diameter 10
times from 1.5 m height through a guiding PVC pipe directly into the soil. This method was adapted from
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Howison et al. (2015) and utilized by Marin-Diaz et al. (2022). Dynamic soil deformation was the distance
between the soil surface and the bottom of the compacted soil (cm).

2.5. Statistical Analysis

One-way ANOVAs followed by a Tukey's HSD post hoc tests were used to test differences on soil and vegetation
properties among habitats. A one-way ANOVA followed by a Tukey's HSD post hoc test was used to test for
differences in sheet erosion between the marsh habitats that resisted the erosion test (Atriplex, Elytrigia and Aster)
using the erosion values at the end of the 3-hr erosion test. To avoid bias in the results, the erosion values after
10 min, which mainly consisted of loose debris, were subtracted from the total mean erosion after 3 hr. For lateral
erosion, only marsh-Atriplex samples resisted, while all other treatments were completely eroded. As there was no
variation for comparison, ANOV As were not performed in this case; instead, descriptive statistics were provided.
Model assumptions were tested with histograms and residual plots.

To examine how erosion resistance correlated with soil and vegetation properties, we performed a first analysis
including all samples. This included samples that were either completely eroded in the first minutes of exposure or
barely eroded after full exposure to the erosion tests (Atriplex, Elytrigia, and Aster). Due to the nature of the
erosion results, a binomial distribution (either completely eroded or not eroded) was used to investigate the re-
lationships between both types of erosion (sheet and lateral) and the belowground vegetation and soil variables.
Logistic regression models, performed with Bayesian Generalized Linear Models (GLMs) with binomial dis-
tribution using the package arm, were used to model the probability of complete sheet erosion and complete
lateral erosion in relation to vegetation and soil properties. Bayesian GLMs were performed to deal with the
complete separation in the logistic regressions, which can occur when the predictor is perfectly predictive of the
outcome (Gelman et al., 2008). The significance of the models was tested using a Type IT Wald % test.

The second part of the analysis focused on the samples that resisted after the sheet erosion tests (Atriplex, Ely-
trigia, and Aster). Mean sheet erosion depth after the 3-hr erosion test corrected for the initial debris erosion (cm)
was used as a continuous variable. Dependence of mean sheet erosion depth on belowground vegetation and soil
properties was modeled with GLMs assuming a gamma distribution as the response variable contained only
positive continuous values. The significance of the models was tested using a Type I Wald y test. Correlations
between lateral erosion and soil and vegetation properties in stable samples (only Azriplex) could not be explored
due to the low sample size (n = 3). This method was also applied in Marin-Diaz et al. (2022) to analyze soil
stability. All statistical analyses were performed using R 3.5.0 (R Development Core Team, 2022).

3. Results
3.1. Soil and Vegetation Properties in Relation to the Island Morphology

Marsh cores were characterized by a cohesive layer on top of a sandy subsoil, in contrast to dune and bare tidal flat
samples, which consisted entirely of sandy profiles (Figure 4). Cohesive layer thickness varied across the island,
with the thickest (up to ~28 cm) found in the oldest marsh (>58 years old) with Atriplex (Figure 4). Thickness
could be related to elevation and marsh age. Older and lower elevated areas connected to the creek (~1.1 m MSL),
like the western and oldest part of the marsh, had the thickest cohesive sediment layer (~20 cm) (Figure 4). More
elevated areas (~1.4—1.9 m MSL) toward the east (32—58 years old) had thinner cohesive layers (~7-2 cm). The
high elevation in this eastern area was not natural but the remnants of a man-made dune ridge. Finally, the
youngest marshes in the east near the tidal flats (<32 years), which have been developing during a shorter time
period, had thin cohesive layers (~2 cm) despite their low elevation (~1.1 m) (Figure 4).

The cohesive top layer consisted of smaller grain size (<95 pm), higher organic content (>10%), higher soil water
content (>40%) and lower bulk density (<1 g cm™>) than the sandy subsoils, the dune and tidal flat locations
(Fy10 = 2217, p < 0.001; F, 9 = 4054, p < 0.001; F, ;0 = 305.4, p < 0.001; F,;, = 40.6, p < 0.001;
respectively) (Figures 5a and 5b). Belowground biomass was higher (>0.1 g cm™2) in the marsh cores compared
to the dune cores, with the highest values for Aster, followed by Atriplex and lastly Elytrigia (Fy ;9 = 52.27,
p < 0.001) (Figure 5c). Tidal flat cores did not have any vegetation.
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Figure 4. Soil profiles indicating the cohesive topsoil thickness (cm, in brown) measured at different locations across the island (indicated by black dots in the map). Due
to the origin of this island, we assumed that deeper layers would be part of the sandy subsoil. Stars indicate the location of the cores used for the erosion tests. Contour
lines of the island from 1965, 1991, 2006 and 2018 are shown as a reference for the indicated age of the marsh areas. Digital elevation map from 2019 (source GeoTiles.

nl, 1 m resolution).

3.2. Sheet and Lateral Erosion

For sheet erosion tests, most of the erosion occurred within the first 10 min, and for lateral erosion, most occurred
within the first hour (Figures 6a and 6b). After that, the sediment was either 100% eroded or eroded at slower
rates, erosion increasing by 1.5-2.5 times the values observed at 10 min for sheet erosion and by 1.5-2.5 times the
values observed at 1 h for lateral erosion. By the end of the experiments, less than 1 cm of erosion occurred in the
resistant samples during the 3-hr sheet erosion test, and less than 20% volume was lost in the resistant samples
during the 45-hr lateral erosion test (Figures 6a and 6b).

More specifically, all marsh locations (Atriplex, Elytrigia and Aster) were resistant to sheet erosion independent
of cohesive top layer thickness (Figure 6¢). The final value of sheet erosion resistance did not differ significantly
among marsh locations, with less than 1 cm erosion depth when subtracting the initial debris lost after 10 min
(one-way ANOVA: F, s = 0.14, p > 0.05) (Figure 6d). In contrast, both the dune and sandflat samples were
completely eroded in the first 10 min (Figures 6a and 6b).
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Figure 5. (a) Soil properties from the top layer for each habitat (0—5 cm depth), or to the start of the sandy subsoil in marsh-
Aster (~2 cm); (b) soil properties from the bottom layer of the samples, up to 20 cm depth; and (c) vegetation belowground
properties from soil samples between 0 and 20 cm depth. ANOVA results for each plot are stated below each variable name.
Significant differences between habitats are indicated by letters (Tukey HSD, p < 0.05).
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Figure 6. Results of the erosion tests including (a) Sheet erosion over time measured as erosion depth (cm); (b) Lateral erosion over time measured as volume loss (%).
Images are examples of resistant and not resistant cores after the first minute of wave exposure; (c) Cohesive layer thickness at the different locations and its relationship
with sheet and lateral erosion resistance. Not resistant indicates the collapse of the cohesive top layer in marsh samples after the erosion of the sandy subsoil or the 100%
soil erosion in dune and tidal flat cores; (d) differences in sheet erosion after the 3-hr erosion test corrected for the initial debris erosion, where 20 cm is complete erosion.
In the subplot, letters depict non-significant differences between resistant locations (Tukey HSD, p > 0.05); and (e) differences in lateral erosion after the 45-hr erosion
test.

Regarding lateral erosion, only the Atriplex marsh (>58 years old) with the thickest cohesive layer (>15 cm)
resisted, with 1%—18% erosion after 45 hr of wave exposure (Figures 6b and 6¢ and 6e). The Elytrigia (32—
58 years old) and Aster (17-32 years old) marshes, with thinner cohesive layers (<10 cm), collapsed when the
underlying sand layer was eroded, although the cohesive top layer remained relatively intact. Similar to sheet
erosion, dune and sandflat cores were completely eroded in the first 5 min after exposure to waves in the flume.

3.3. Relationships Between Environmental Factors, Sheet Erosion, and Lateral Erosion Comparing All
the Samples

Resistance to sheet erosion was correlated with both the biotic and abiotic properties of the top layer (from O to
5 cm depth) (Figure 7a). Finer sediment (<95 pm), higher total belowground biomass (>0.1 g cm™2), higher root
density (>0.005 g cm ™), especially fine root density (>0.005 g cm™>), higher organic content (>10%) and lower
bulk density (<1 g cm™>) were significantly correlated with higher sheet erosion resistance (Figure 7a). Moreover,
many of these variables were strongly correlated (Figure S1). Coarse root density and soil dynamic deformation
were the only variables not correlated with erosion. Lateral erosion was also explained by the same explanatory
variables as sheet erosion (Figure 7b). In contrast to sheet erosion, cohesive sediment layer thickness was the most
important driver of lateral erosion resistance (Figure 6c).
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Figure 7. Relationships between (a) sheet erosion after the 3-hr erosion test and the properties of the soil and belowground vegetation; with erosion treated as binomial
(either completely eroded or resistant) and (b) lateral erosion after the 45-hr erosion test and the properties of the soil and belowground vegetation; including cores that
either completely eroded (dune and tidal flat) or resisted (marsh with Atriplex) but excluding cores that collapsed due to thin cohesive layers. Coefficients correspond to
logistic regressions. Significance codes refer to p < 0.01 (¥) and p > 0.05 (ns).
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3.4. Relationships Between Environmental Factors, Sheet Erosion, and Lateral Erosion Comparing Only
Resistant Samples

Within the marsh cores resistant to sheet erosion (Atriplex, Elytrigia, and Aster), none of the vegetation nor soil
properties significantly explained the small and non-significant differences (<0.5 cm) in sheet erosion between
cores (Figures 6d and 8). Correlations between lateral erosion and soil and vegetation properties in stable samples
(only Atriplex) could not be explored due to the low sample size (n = 3). However, although anecdotal, we
observed that the sample that eroded the most had higher soil dynamic deformation than the other Atriplex
samples.

4. Discussion

Back-barrier islands are mobile but may disappear due to changes in hydrodynamics and sediment dynamics in a
tidal basin (Govers & Reijers, 2021), highlighting the need to understand their soil erosion resistance, particularly
in relation to soft engineering measures that are increasingly proposed to guarantee their survival and that of
linked ecosystem services (Govers & Reijers, 2021; Sirianni et al., 2022). In this study, we investigated the soil
erosion resistance to hydraulic forces of different habitats across a sandy back-barrier island in relation to island
development and management. Furthermore, to our knowledge, we present the first experimental comparison
between sheet and lateral soil erodibility of sandy habitats under controlled conditions (e.g., references in Brooks
et al., 2020; Infantes et al., 2021). Overall, this study demonstrates that lateral and sheet erosion are uncorrelated
and that soft engineering measures such as beach nourishment may increase the back-barrier island's soil erosion
resistance by creating sheltered conditions for marsh development.

4.1. Erodibility of Soft-Sediment Habitats in a Back-Barrier Island

This study shows, as expected, that the marsh habitats were more resistant to sheet erosion. This was attributed to
their cohesive topsoil layer accreted by the marsh vegetation, which is characterized by high belowground
biomass - especially high fine root density, high organic content, low bulk density and high mud content
compared to the easily erodible sandy soils in the dune and tidal flats. Although the percentage of lateral erosion
was not measured for marshes dominated by Elytrigia and Aster due to their premature collapse, we speculate that
the cohesive top layer, with similar properties as the Atriplex marsh (Figure 5), would also have been erosion
resistant (Marin-Diaz, Govers, et al., 2021; Wang et al., 2017). These properties have been previously related to
an increase in the erosion resistance on other types of marshes, both top (Coops et al., 1996; Marin-Diaz
et al.,, 2022; Paul & Kerpen, 2021; Spencer et al., 2016) and laterally (De Battisti et al., 2019; Feagin
et al., 2009; Ford et al., 2016; Marin-Diaz, Govers, et al., 2021; Wang et al., 2017).

Nevertheless, this study demonstrates that although marshes on a back-barrier island can have an erosion-resistant
topsoil with low erosion rates, which is important during overwash conditions, they may not be resistant to lateral
erosion if the subsoils are sandy. These types of profiles are commonly found in barrier islands, where cohesive
top layers can form on initially unstable sand flats during back-barrier marsh development (Marin-Diaz, Govers,
et al., 2021; OIff et al., 1997) (Figures 2 and 4). Changes in soil properties with depth are thus important to be
considered when assessing erosion vulnerability because although some marshes may not be on a cliff at present,
they could eventually become laterally exposed on the island edges due to shoreline erosion and/or migration of
the dune over the marsh, which can occur relatively fast in migrating islands (Cooper, 2013; Govers & Reij-
ers, 2021). These types of profiles may also be more vulnerable to undercutting at the base of the cliff (Brooks
et al., 2020). For instance, the south of Griend had marsh habitat in 2006; however, shoreline retreat can be
observed between 2006 and 2018 (Figure 3b). Field observations of the area reveal escarpments, indicating that
previously unexposed areas are now vulnerable to hydrodynamic exposure (Figure 9). Finally, it is important to
consider that although lateral retreat is most rapid when the subsoil is unconsolidated sand, even cohesive or
organic-rich marsh subsoils progressively erode under sustained wave forcing and experience mass failure
(Bendoni et al., 2016; Francalanci et al., 2013).

While our results show that erosion resistance was positively related to finer sediments (<95 pm), in a previous
study we found that sediment grain size alone may not be a good erosion indicator because there are marshes with
coarse sandy soils which are also resistant to sheet erosion due to their high belowground plant biomass and
organic content (Marin-Diaz et al., 2022). Therefore, we argue that high belowground biomass, particularly high
fine root density, may be a better proxy for erosion resistance. Furthermore, our study primarily focused on the
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Figure 8. Relationships between sheet erosion after the 3-hr erosion test corrected for the initial debris erosion and the properties of the soil and belowground vegetation,
including only cores that resisted the waterflow exposure (marsh with Atriplex, Elytrigia, and Aster). Coefficients correspond to gamma correlations. Significance codes
refer to p > 0.05 (ns). Note that relationships for the lateral erosion were not performed due to the low sample size of resistant soils (only marsh-Atriplex).

intrinsic soil erosion resistance, excluding the effect of the aboveground vegetation. However, it is important to
note that coastal vegetation can also reduce erosion by reducing the hydrodynamics within the canopy, thereby
lowering shear stress on the soil (Brooks et al., 2020; Feagin et al., 2019; Moller et al., 2014).

Dune ridge vulnerability to hydrodynamics was expected, as this sandy habitat can erode and migrate relatively
fast in fetch-limited barrier islands during storms (Coops et al., 1996). The sampled dune vegetation, A. arenaria,
had less belowground biomass, fine root density and organic content than marsh vegetation, explaining its lower
resistance to erosion. However, although our results indicate complete erosion of the dune samples under the
selected exposure conditions, dune vegetation still plays an important role in capturing sediment, increasing dune
height and reducing deflation (Feagin et al., 2015). These factors are essential for maintaining healthy dunes that
in turn will create the sheltered conditions needed for marsh development.

Lastly, while these results provide valuable insights on intrinsic soil erosion rates, it is important to note that they
are not generalizable to island-scale erosion rates due to the influence of extrinsic factors on large-scale erosion
rates, such as vegetation canopy effects, mass failure processes at the edge (non-linear slumping processes), dune
and marsh platform elevation and morphology, or changing hydrodynamic conditions and exposure over time
(Brooks et al., 2020; Francalanci et al., 2013; Houser et al., 2008; Priestas et al., 2015; Wang et al., 2017).
However, small-scale experiments under controlled conditions are crucial for understanding the intrinsic erosion
resistance of soils by eliminating the effect of extrinsic factors in the field, thus providing an approximation of

MARIN-DIAZ ET AL.

13 of 17

95UBD17 SUOLULLIOD dAIIERID 3ed! dde au) Aq peueA0B 812 Sao 1L YO 9SO SaIN1 10) AReiq 1 BUIIUQ AB]IAA UO (SUONIPUOI-PUE-SWLB LY AB| 1M Afed1Bu1|UO//SANY) SUONIPUOD pue swid | a4} 88S *[G202/2T/LT] U0 ARiqiauluo AS|IM *(IMD) Oju| U 3PUNYSIA J00A WNUD AQ 0S6200-07202/620T 0T/10p/uiod™Aa| i Akeiqtputjuo'sgndnBe//sdny woay papeojumod ‘9 ‘Sz0 ‘TT0669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007950

Figure 9. Examples of marsh soils that have become laterally exposed on the island southern edges.

how different soil types will respond to hydrodynamic exposure. Therefore, further research is warranted to better
understand back-barrier island-scale erosion rates.

4.2. Soil Erosion Resistance to Hydraulic Forces of a Back Barrier Island's Habitats in Relation to the
Island's Management and Development

The shape and migration of back-barrier islands is dependent on both storm climate and vegetation structure
(Cooper et al., 2007; Morton, 2002; Pilkey et al., 2009). Typically, back-barrier islands feature a beach or a
chenier ridge on the exposed side formed during strong storm events which provides a sheltered area for marsh
formation (McBride et al., 2007; Neal et al., 2002; Pilkey et al., 2009; Sirianni et al., 2022) (Figure 1). However,
increased storm surge frequency may lead to insufficient time for islands to recover between floods, reducing
marsh development rates and ultimately leading to island losses (Cooper, 2013; Morton, 2002; Timmons
et al., 2010; Vinent et al., 2021; Vinent & Moore, 2015). Similarly, a lack of sediment input could negatively
affect their accretion and recovery after storms (e.g., Hu et al., 2021; Kirwan et al., 2016; Ladd et al., 2019;
Timmons et al., 2010). In the specific case of Griend, there were additional factors promoting erosion, such as
human-induced changes in the tidal range after the closing-off of a nearby estuary, which led to increased island
losses (Brouwer et al., 1950; Govers & Reijers, 2021). Hence, management interventions may be carried out to
ensure the future of these islands and their linked ecosystem services (Brasseur et al., 2015; Govers & Reij-
ers, 2021; Oliver & Ramirez-Avila, 2019; Rosati, 2009).

On Griend, soft-structure coastal engineering, such as the sand dikes constructed in the 1980s, was implemented
to facilitate marsh development by creating sheltered conditions (Figures 3a and 3b). By facilitating marsh
development and thus the accretion of cohesive topsoils, soft engineering measures can indirectly increase soil
erosion resistances of the sheltered side of the island. However, attempts at dune and/or island fixation should be
avoided as these can interfere with the natural geomorphic development of the marshes on this type of island
(Arens et al., 2013; Govers & Reijers, 2021; Osswald et al., 2019; Timmons et al., 2010). If only sheltered
conditions are provided as a result of fixation, adequate flooding regimes through creeks or washovers may cease,
resulting in reduced marsh accretion due to a lack of sediment supply. This would hamper a back-barrier island to
keep up with sea level rise, increasing the risk of drowning (Koppenaal et al., 2021; Reed et al., 1999).
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Constructing areas with lower elevations in the dune or sand ridges to promote washovers, such as the in-
terventions done in 2016 in Griend, may prevent the complete reduction of island dynamics (Govers & Reij-
ers, 2021; Rosati, 2009; Timmons et al., 2010). Other measures may be considered if the sediment input in the
marsh is too low, such as mud addition, also known as thin layer placement (Raposa et al., 2023; Rosati, 2009).

The variability in the cohesive topsoil thickness accreted by marshes was linked to marsh age and inundation time
(elevation). With increasing age, marshes have more time to trap fine sediment and accumulate more organic
matter coming from aboveground and belowground biomass as well as litter, and therefore form thicker cohesive
top layers (Bass et al., 2022; Nolte et al., 2013; Nyman et al., 2006; Olff et al., 1997; Van de Koppel et al., 2005).
Similarly, marshes that established at intermediate elevation (~1.1 m MSL in our study site), were more
frequently flooded and thus had more opportunities to trap sediment than marshes formed at higher elevations
(>1.4 m MSL in our study site). The thickness of the cohesive layer may also depend on the vegetation traits, as
some species may produce more biomass, degrade at different rates, or have more canopy roughness and thus
enhance sedimentation (Bass et al., 2022; Nolte et al., 2013). However, in this study, it was not possible to
disentangle the extent to which the increased thickness of the cohesive top layer was due to differences in
vegetation species or the effects of elevation, which influences inundation frequency and species distribution
(Bockelmann et al., 2002; Hayden et al., 1995; Olff et al., 1997). Lastly, the creek structure may also influence the
thickness of the cohesive topsoil. For instance, in our study, the lower elevated areas connected to flood plains
from a creek (i.e., Atriplex marsh) were also related to thicker cohesive layers. This could be due to being closer to
the creek where higher sediment settlement occurs (Koppenaal et al., 2021; Reed et al., 1999).

Overall, sand-island management aimed at enhancing soil stability provided by coastal vegetation may be
important for ensuring long-term resilience of sandy islands and their associated ecological communities,
particularly in the face of increasing storm-surges and sea level rise, by promoting the accretion of cohesive marsh
soils. Soft engineering measures should consider marsh elevation relative to mean sea level and well-connected
creek systems and washovers to allow for some natural dynamics, which are characteristics of back-barrier
islands. This study also highlights the importance of simultaneously considering both lateral and sheet erosion
when assessing the erosion resistance of sandy habitats. While marshes may appear resistant to sheet erosion,
which is important during overwash, they may still be vulnerable to wave attacks on the island edges, especially
when the cohesive topsoil is thin.
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