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Abstract: Sand dunes protect the most important economic and ecologically critical landscapes
from coastal hazards (storms and high-tide flooding). The characteristics of the dune affect their
protective ability. This paper qualitatively and quantitatively assesses the relationships between pre-
and post-storm conditions for vegetation and the morphology of an incipient dune system along the
South Carolina coast. Field-based dune vegetation and morphology measurements were obtained
before and after tropical storm Dorian (2019). Vegetation is assessed with respect to distribution and
functional type, and subgroups are introduced to categorize land cover transitions. At the quadrat
scale (0.2 m?) following the storm, there was a shift from stabilizer to builder, a decrease of sand
(2%), and the vegetation remained consistent at around 61% of the land cover. Transect-level analysis
(0.2m x 1.0 m) revealed distinct variability concerning post-storm morphology change in the extreme
study site extents. Dorian resulted in approximately 10% volumetric loss over the entire study site
(101 m?). This study demonstrated changes to a dune system following a tropical storm with wind as
the dominant forcing factor. This study revealed that vegetation presence is not broadly correlated
with reduced levels of post-storm erosion.

Keywords: sand dunes; tropical cyclones; coastal erosion; dune morphology; vegetation; vegetation
functional types; incipient foredunes

1. Introduction

Sand dunes are economically and ecologically critical to coastal systems [1-4]. They
protect residents and infrastructure from coastal hazards, particularly high tide flooding
and storm surges. However, tropical cyclones destroy or reduce the integrity of the dune
systems [5-8]. The magnitude of geomorphic change is related to the pre-existing dune
morphology [9-12], storm characteristics, and land elevation [13]. Many studies have
considered the geomorphic response of dunes to storms, including extratropical systems
(e.g., [14,15]). The focus here is those specific to tropical cyclones.

A 7% dune volumetric loss along a 2 km portion of the Florida Panhandle was mea-
sured using digital elevation models (DEMs) before and after Dennis (2005, [16]). Also,
70% of the incipient foredunes were destroyed along the Florida Panhandle following [van
(2004, [10]). Severe dune erosion was noted along the coast of South Carolina following
Hugo (1989, [17]). Dorian caused 1.7 m® m~! of dune erosion along a 1 km stretch of
Prince Edward Island [18]. A study on Isle of Palms (IOP), South Carolina, measured 5.9%
volumetric gain following Hugo [19]. However, that study considered the dune, beach,
and nearshore bar system (to —1.5 m MSL) and totaled approximately 250 m of shore
perpendicular length. Irma resulted in a 39% volumetric dune loss on IOP and along the
same dune system, and Florence resulted in a 3% volumetric loss [20].

The post-storm recovery of dunes [21-23] is less well documented than that of the
beaches [24-26]. However, geomorphic theory suggests that if a storm erodes a primary
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foredune, the dune should reform given ideal conditions (adequate sediment supply, wind
energy, and cross-shore distance). The interim condition is the formation of an embryo or
incipient foredune, which was observed on IOP following Hugo (1989, [27]) and Matthew
(2016, [28]). When considering the before Hurricane Irma (2017) to pre-Hurricane Florence
(2018), the anthropogenic and ‘control” dunes lost 15.5% and 40.1% of their volume; the
‘control’ dunes are in the same geographic location as the incipient dune system studied
here [23]. The presence of vegetation is essential to incipient foredune growth, as it provides
the structure to trap and store the sand [28-31].

Vegetation is vital to foredune growth, stability, and long-term health [32-37]. Aeo-
lian deposition occurs with 15-20% vegetation coverage in coastal environments [38—42].
Continual burial, vertical growth, and increased soil nutrients create a positive feedback
mechanism to encourage additional vegetation establishment, development, and dune
stabilization [43,44]. Short-duration studies conclude that vegetation increases foredune
height and volume [35] because the wind field is modified and sand accumulates [34,45].
Longer temporal studies (on the scale of weeks) identify a correlation between plant density
and sand dune growth [45], thus suggesting vegetation serves as a stabilizing agent.

Plants are characterized according to their morphologic response to dunes. The
major functional types are dune builders, burial-tolerant stabilizers, and burial-intolerant
stabilizers, with the latter typically found inland of the foredune [46—49]. Dune builders
correspond with the vertical growth of dunes, and aboveground biomass serves as a
roughness factor that traps wind-blown sand. More extensive and denser vegetation is more
successful at increasing dune size and volume. Examples of dune builder species in South
Carolina include Uniola paniculata (Sea Oats), Iva imbricata (Dune Marsh-elder), and Panicum
amarum (Bitter Panicum). Stabilizing species strengthen the dune and have a smaller surface
roughness compared to dune builders. These low-lying species with decumbent growth and
dense belowground biomass anchor and stabilize sediment [50]. In South Carolina, typical
dune stabilizers include Ipomoea imperati (Beach Morning Glory), Hydrocotyle bonariensis
(Largeleaf Pennywort), and Oenothera humifusa (Seabeach Evening Primrose).

Vegetation’s role in protecting dunes against erosion is not well-documented, espe-
cially in field-based experiments [35,51]. Even less documented is the relationship between
increased foredune stability resulting from vegetation present during storm surges (for
example, [52]). In a wave tank study that considered three plant species planted on incipi-
ent foredunes (they termed embryo coastal dunes), storm-induced erosion was reduced
by vegetation presence [53]. The above- and below-ground vegetation components re-
duced storm surge energetics, reducing erosion [53]. Similar results were observed along a
vegetated beach-dune profile with a berm: vegetation impeded landward erosion under
large lab-generated wave conditions [54]. Vegetation structure also affects storm surge
attenuation [55,56]. A comprehensive study that considered lab and in situ experiments
concluded that vegetation provides a 1.6 x safety factor over bare sand, which reduces wave
run-up erosion of the dunes by 40% [57]. However, after comparing vegetated and bare
dunes in a flume, it was stated that coastal managers should “reexamine the predominant
paradigm that dune vegetation reduces erosion during extreme events [58]”.

This paper aims to qualitatively and quantitatively assess the relationships between
pre- and post-storm conditions for vegetation and the morphology of an incipient dune
system. The scant literature investigating the linkages between vegetation and dune
morphology pre- and post-storm focuses on foredunes; this study examines an incipient
foredune system. Vegetation is assessed with respect to distribution and functional type.
This paper fills a research need to link vegetation characteristics to the dune’s morphologic
response from a tropical storm.

1.1. Study Site

Isle of Palms (IOP, Figure 1) is a drumstick barrier island 15.5 km from Charleston, SC,
USA. It is a mixed energy coast with semidiurnal tides (1.5 m average range; 2.5 m spring
tide range) [59,60]. Annual wave heights average 0.6 m, and 120,000 m3/ yr of fine-grained
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quartz sand is transported alongshore from northeast to southwest [61]. The 2018 beach
nourishment injected 1.282 million m® of sand over approximately 3.8 km of the island’s
NE portion [62]. The southern extent of this tapered nourishment was about 200 m from
the centroid of the study site. Several tropical storms have affected IOP in recent years:
Matthew (2016), Irma (2017), Florence (2018), Michael (2018), Dorian (2019), Isaias (2020), lan
(2022), Idalia (2023), Debby (2024), and Helene (2024). Accordingly, the storms” impact on
IOP dune systems has been extensively documented [20,23,28,63-66].
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Figure 1. Study site location at 53rd Avenue on Isle of Palms, South Carolina, U.S.A. The topleft panel
insert is the State of South Carolina, U.S.A., where the yellow star denotes the location of Isle of Palms
(primary image), which is bounded on the northeast and southwest by Dewees and Breach Inlets,
respectively. The white dashed line marks the spatial extent of the 2018 beach nourishment. The
yellow inset panel denotes the location of 53rd Avenue, where cross-shore transects are presented.
The dashed black line is the seaward extent of the developed secondary foredune system. Base
imagery: Google Earth Pro (2019), Maxar Technologies.

The study site is 53rd Avenue, three blocks south of a private, gated community. In
previous research [28], these dunes were the study’s control because of the nominal human
impact relative to other U.S. East Coast beach-dune systems. The recent tropical storms
have minimally impacted an expansive vegetated backdune system at 53rd Avenue [28].
Before Matthew, there was a developed foredune seaward of the vegetated backdune. This
area has since been replaced with an incipient foredune field. The 2016 to 2019 annual
storms partially prohibited the incipient foredunes from transitioning to a foredune system.
Without these storms or excessive (and unexpected) anthropogenic disturbances (such as
human trampling), we posit the incipient foredunes would have coalesced into a healthy
primary foredune system.
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1.2. Forcing Factors

This study is temporally bound by Hurricane Dorian, which impacted Charleston, SC
(15.5 km from IOP) on 5 September 2019. Geomorphic and land cover data were acquired
on 24 August and 8 September 2019 (detailed below). Dorian traveled up the east coast of
the United States and made landfall in the proximity of the study site on 6 September 2019
near Cape Hatteras, North Carolina (470 km NE of IOP) as a weak Category 2 hurricane
with sustained winds of 44 m/s. Before reaching North Carolina, Dorian was the second
strongest landfalling Atlantic hurricane (Category 5) with sustained winds of 82 m/s [67].
Maximum gusts of 9.9 m/s were measured 2.7 m above the ground (Station 8665530,
16.9 km WSW from IOP, [68]) and 141.0 mm of rainfall (4-5 September, [69]) was measured
in Charleston, associated with Dorian. Dorian arrived during a low tide, contributing to no
recorded storm surge in the Charleston region.

The average wind direction was approximately shore parallel (89 degrees at NOAA
Station 8665530) during the study period (24 August 2019 and 8 September 2019) [68]. Off-
shore wave height averaged 1.86 m during the study period (NOAA Station 41004, 69.0 km
SE from IOP) [70]. No precipitation was recorded on 24-31 August and 7-8 September
(Charleston Air Force Base Station, 29.4 km NW from IOP, [69]). In the days leading up to
the storm (1-3 September), 31.3 mm of precipitation was measured (Charleston Air Force
Base Station, [69]).

2. Materials and Methods
2.1. Field Methods

The field-based data acquisition comprised topographic and land cover (LC) data
collection. Data were acquired on 24 August 2019 and 8 September 2019, representing pre-
and post-Dorian conditions. Both data types were collected along ten shore-perpendicular
transects located 5.5 m apart. The transects started at the seaward extent of the developed
secondary foredune system, corresponding with the baseline used by others investigating
dunes at the site [23,28] (Figure 1). The seaward transect extent corresponded with the most
seaward extent of pre-storm dune vegetation, which also qualitatively aligned with the
pre-Matthew foredune dune toe line. The transects were numbered 1-10 in a north-to-south
direction and spanned 1624 m (in the shore perpendicular direction). Herein, transects are
referred to as “T”, for example, transect 1 is T1.

Topographic surveys were conducted using a Sokkia RED-tech II Series 30R Total
Station with an instrument accuracy of +/— 2 mm. The total station was located at the
approximate midpoint of T6. Data were gathered approximately every meter along the
transects and at geomorphic inflection points. Roughly 240 points were acquired for each
survey. Ground control points were established using an X90 OPUS Static GPS receiver
with a vertical and horizontal accuracy of +/— 5 mm.

LC data were collected by placing a 1.0 m? quadrat along the topographic survey tran-
sects starting at the seaward extent of the developed secondary foredune system. Vertical
photographs at breast height were taken over each quadrat. LC data were not collected
along T6 because of the potential damage associated with the total station placement.

2.2. Data Processing Methods

The pre- and post-Dorian 1.0 m? quadrat photographs showing land cover were
digitally subsampled to generate 0.2 m? classified LC sections. A supervised approach [64]
was used to classify each section according to LC: dune-building species, dune-stabilizing
species, sand, wrack, other, or no data. Dune-building or dune-stabilizing species were
visually assigned by identifying the most dominant vegetation functional type. Only 0.2 m?
sections consisting entirely of sand were assigned that designation. For example, ‘other’
was assigned if the subsampled quadrat was predominately beach detritus, beach litter, or
tree debris. ‘No data” was assigned when human or technological errors occurred.

The pre- and post-Dorian 0.2 m? classified LC sections were combined to create
0.2 m x 1.0 m classified LC polygons (Figure 2a). The 1.0 m dimension is aligned in
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the shore parallel direction. Each polygon is assigned by determining the dominant LC
(sand, stabilizer, builder, wrack, other, or no data) using the 0.2 m? classifications.
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Figure 2. Data processing methods where (a) shows the combined pre- and post-Dorian classified LC
sections to create 0.2 m x 1.0 m classified polygons; (b) is spatially reduced DEMs; and (c) shows the
polygons considered for analysis. In panels (a,c): Sa is sand, S is stabilizer, B is builder, and O is other.

The 0.2 m x 1.0 m classified LC polygons were used to conduct a cumulative LC
change analysis to compare pre- and post-storm conditions. Four general LC change
groups were identified. Subgroup A indicates the LC had no change and was consistently
sand. Subgroup B represents a land cover change from vegetation (builder or stabilizer) to
sand. The opposite change represents Subgroup C (sand to vegetation). Lastly, Subgroup
D is consistently vegetated (stabilizer to builder, builder to stabilizer, always builder, or
always stabilizer).

Pre- and post-storm digital elevation models (DEMs) and a DEM-based change map
were generated using total station XYZ coordinates and the kriging interpolation method
(ArcGIS 10.5.1; cell resolution 0.2 m). The spatial extent of the pre- and post-storm DEM
are reduced to align with the 0.2 m x 1.0 m classified LC polygons (Figure 2b). The only
polygons considered for analysis are ones where the centroid of all five 0.2 m? sections
overlap with the DEM (Figure 2c). DEM-based change maps were generated by differencing
the pre- and post-storm DEMs.

3. Results

A total of 226 1.0 m? quadrat photographs along nine transects were acquired pre- and
post-Dorian, resulting in 4530 digitally subsampled 0.2 m? classified LC sections (Table 1).
Sand dominates before and after the storm. There is a post-storm shift in prevalence from
stabilizers to builders. Given the minimal prevalence of wrack, other, and no data, these
LCs are no longer considered.

Spatial variability of LC was observed across the study site. Figure 3 shows the
percentage of sand, stabilizers, and builders for pre- and post-Dorian conditions along
each transect. According to methods presented in Figure 2, these data are classified as
0.2m x 1.0 m LC polygons. The most considerable change from Dorian occurred along
T3 and T8, and the most minor was along T7. At T3, the storm resulted in a 13% increase
in sandy surfaces, a 23% loss of stabilizers, and a 9% increase in builders. Regarding the
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stabilizers, a similar percent change scenario was observed at T8 (19% loss). Two-thirds of
the transects showed decreased sandy surface LC, except for T1-T3.

Table 1. Pre- and post-Dorian LC aggregated along T1-T5 and T7-T10 using a 0.2 m? resolution. The

sum of the LC types is shown in italics.

Pre-Dorian Post-Dorian
Count % Count %
Sand (Sa) 1729 38.2 1637 36.1
Stabilizers (S) 1571 34.7 1308 28.9
Builders (B) 1223 27.0 1511 334
Wrack 0 0.0 16 04
Other (O) 7 0.2 8 0.2
No data 0 0.0 50 1.1
Sum 4530 100 4530 100
a Sand mStabilizer ~ Builder
3
18
29
* . # & 39 ® 39
23 - 27
19
27
43
66
a5 - » 2 EE
33
22
14
T10 T9 T8 T7 T6 T5 T4 T3 T2 T
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6
27
. " o= 31
a7 34 2 a4
o 27
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34
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47 47
39
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24
13
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Figure 3. Pre- and post-Dorian ((a,b), respectively) percentages of sand, stabilizers, and builders
along each transect. Land covers were normalized to 100% for each transect for the pre- and post-

storm conditions.
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Figure 4 shows pre- and post-Dorian LC (a,b) and topographic (c,d) conditions. These
LC subgroups (Figure 4) are the classified 0.2 m x 1.0 m LC polygons using the methods to

generate data presented in Figure 2. The data in Figure 3a,b are the aggregate data from
Figure 4a,b. In Figure 4a,b, the offshore transect extents are consistently sanded except
for pre-Dorian T2 and post-Dorian T4. T7 is consistently and predominantly vegetated
(~86%) and T5 is showing the same for sand (~63%) (c.f., Figure 3). The builders appear
to be patchier compared to the stabilizers. The DEMs (Figure 4c,d) qualitatively reveal a

slight site-level elevation decrease after the storm, particularly toward the southwestern

portion of the site (T7-T10). The maximum pre- and post-storm elevations were compa-
rable (2.63 m and 2.59 m), with the minimum elevations calculated at 1.51 m and 1.34 m.
There was a calculated volumetric decrease from pre-to post-Dorian, measuring 422 and
380 m?, respectively.
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Figure 4. Classified 0.2 m x 1.0 m LC polygons for pre- (a) and post- (b) Dorian. The pre-and post-
Dorian DEMs are shown in (c,d). These results have been clipped to correspond with the methods
associated with Figure 2. The offshore and onshore locations shown in (a) are the same in (b-d).

Figure 5 presents the change along each transect from the pre- and post-storm condi-
tions for LC (left) and topography (right). LC change is presented according to subgroup
categories, and topography is along a continuum. This figure permits the identification
of substantial expanses of continuous LC (according to subgroups) and the description of
topographic change for spatially coincident areas. Large patches of Subgroup D (consis-
tent vegetation) were spatially associated with erosion along T1-T4, T6-T7, T9, and T10.
Subgroup A (consistent sand) was found in conjunction with strong accretion (T9), slight
erosion (T5), or no change (T1). This study did not result in large expanses of Subgroups B
or C. When considering all transects, the counts for Subgroups A-D are 212, 116, 117, and
451 (i.e., the data to generate Figure 5). Figure 5 also shows the elevation percent change
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(from pre- to post-Dorian) for each transect. The southwest portion of the site has a higher
percent change, with an average of 9.9%.
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Figure 5. LC Subgroups (left stripes) and DEM (right stripes) change maps for T10 to T1. Numbers
indicate the elevation percent change for each transect line.

4. Discussion

Results were presented at two spatial scales—the subsampled quadrat (0.2 m?; Table 1)
and the transect scale (0.2 m x 1.0 m; Figures 3-5). The goal of this research was to
qualitatively and quantitatively assess the relationships between pre- and post-storm
vegetation conditions and the morphology of an incipient dune system, which is best
conducted at the transect scale. As such, the discussion will focus more heavily on this
scale. However, Table 1 (the quadrat scale) revealed a shift from stabilizer to builder and a
slight decrease of sand (2%), thereby maintaining the vegetation LC at around 61%.

The transect scale figures reveal a separate trend at the northeast and southwest
extents of the study site. The southwest transects (T7-T10) showed that the surface deflated
offshore where the sand was dominant (situated on the upper backshore, c.f., Figure 1).
The most considerable transect level erosion was along T8, T7, and T9. T8 had the largest
reduction of stabilizers (44 to 25%) and a substantial increase of builders (18 to 40%).

The northeast extent (T1-T3) of the study site was the only region that did not deflate
due to Dorian. The Dorian storm characteristics, with minimal to no storm surge, strongly
suggest that the changes presented in Figure 3 result from aeolian forcing factors.

The storm resulted in approximately 10% volumetric loss over 101 m?, a relatively
small area. Figure 6 shows the relationships between elevation and land cover subgroup
change over time. Previous research [10] suggests storms transition LC from vegetation to
sand; however, subgroups were not explicitly employed. This study revealed the opposite.
The least dominant change was vegetation to sand (Subgroup B, Figure 6). The qualitative
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observations that vegetation was not uprooted or buried by sand are likely related to the
timing of Dorian’s impact, which resulted in no storm surge. Additionally, more than half
of all the LC change was from one vegetation type to a second vegetation type or had no
vegetation ‘type’ change (Subgroup D, Figure 6), demonstrating the vegetation’s robustness
against Dorian’s strength.
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Figure 6. Elevation change and count according to subgroup.

There appears to be an inconsistent pattern related to post-storm elevation change and
pre-storm LC (Figure 6). The most extreme minimum and maximum elevation changes
were associated with Subgroups A and C, which were sand before Dorian.

This research demonstrated the importance of spatial scale when investigating geo-
morphic change. The subsampled quadrat scale revealed slightly different relationships
compared to the transect scale. However, no distinct spatial relationships were established
between stabilizers and builders. This work introduced the concept of subgroups, and it is
suggested that it be employed in future studies. Results from previous lab- and field-based
studies [16-18,21,23,28] compared to those from this one illuminate the importance of
continued research on the impact of tropical cyclones on coastal dunes. Results from this
study appear to be strongly interdependent with Dorian having a weak storm surge, which
speaks further to the importance of multiple studies to diversify the types of storms and
beach systems under investigation. These findings support recent lab-based work from [58]
that vegetation is not broadly correlated with reduced levels of post-storm erosion.
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