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Abstract  

Dune building dynamics impact cross-island connectivity and barrier island characteristics  

 

By Alexander Barnes Sabo, Bachelor of Science 

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 

in Biology at Virginia Commonwealth University.  

Virginia Commonwealth University, 2023 

Advisor: Dr. Julie Zinnert, Assistant Professor, Department of Biology 

 

 Located at the land-sea interface, barrier islands are important protective features that 

reduce wave energy and erosion from mainland areas. Further, barrier islands provide habitat for 

many different organisms and serve as popular areas for recreation and tourism. As sandy 

landforms, barrier islands are easily disturbed, but often recover after disturbance as a result of 

island plant communities, specifically dune building grasses. Disturbance on barrier islands is 

driven by storms, tides, and overwash events. After disturbance has occurred, dune grasses 

colonize the dunes allowing for dune building and habitat restoration. On the Virginia barrier 

islands, there are three dominant dune building grasses. These include Ammophila breviligulata, 

Spartina patens, and Panicum amarum. Uniola paniculata is also present in the region, but not in 

high abundance. Dune building has the potential to impact the entire barrier island ecosystem, 

and these grasses therefore serve as ecosystem engineers. Protection offered by dune ridges 

directly impacts the adjacent swale habitat, modifying both biotic and abiotic factors. In order to 

better understand how dune building impacts the island ecosystem as a whole, we quantified 

sediment accretion, plant percent cover, stem numbers, and soil characteristics (chlorides, bulk 
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density, %OM, %C, %N). These characteristics were assessed on two islands with varied 

disturbance intensities. Hog island is infrequently disturbed, and resists change driven by storms 

and overwash. Metompkin island is frequently disturbed and undergoes high rates of overwash 

and island migration. In order to quantify these characteristics, 3 cross-shore transects were 

established on each island in 2020. Additional accretion plots were set on each island during fall 

2021. Annual drone flights conducted over the islands provided for additional large-scale data 

collection and allowed for assessment of dune continuity through least cost paths. After one year, 

sediment accretion occurred at a higher rate on Hog compared to Metompkin. Dune face plots on 

Hog accreted sediment while dune face plots on Metompkin underwent high rates of erosion 

resulting in 9 of 15 plots transitioning from dune to open beach. On Hog, plots established in a 

newly formed dune hummock accreted sediment at a faster rate than those on the dune face. 

Species-specific effects were also observed on Hog, with Panicum accreting sediment at a 

significantly lower rate compared to Ammophila and Spartina. Larger, more continuous dunes on 

Hog offer enhanced protection for the swale habitat, reducing soil chlorides and increasing 

annual net primary productivity and soil carbon and nitrogen. As climate change continues to 

modify ecosystems globally, barrier islands will be at the forefront of increased severe weather 

and increased sea level. It is therefore crucial that we understand how these ecosystems respond 

to and recover from disturbance, and the many interconnected variables that exist among barrier 

island ecosystems. Understanding all aspects of the barrier island system will allow these data to 

be implemented into models to predict future barrier island scenarios.  
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Introduction  

Barrier islands are critically important landforms that protect 10% of global shorelines 

and 30% of United States Atlantic and Gulf coasts (Stutz & Pilkey, 2001; 2011). These islands 

provide a variety of services to both humans and surrounding ecosystems including reduction of 

wave energy and storm surge, carbon sequestration, serving as habitat for a multitude of 

organisms, as well as recreation and tourism (Sallenger, 2000; Feagin et al., 2010; Enwright et 

al., 2021). Due to low topography and composition of unconsolidated substrates, barrier islands 

are susceptible to disturbance driven by storm and tidal induced overwash (Wolner et al., 2013). 

Barrier islands exist in a variety of forms and often respond differently to disturbance depending 

on multiple factors, including plant species composition (Wolner et al., 2013; Zinnert et al., 

2017; Zinnert et al., 2019). Increasing rates of sea-level rise impact barrier islands, resulting in 

losses of islands, island migration, and changes to overall island habitats. This reduces the 

ecosystem services provided by a barrier island.  

Barrier islands are highly dynamic and undergo changes on many different 

spatiotemporal scales. On the largest of these scales, sediment movement and ocean currents can 

drive broad change including island migration or rotation (Roman & Nordstrom, 1988; Zinnert et 

al., 2019; Jay et al., 2022; Robbins et al., 2022). This sediment movement can impact a barrier 

island system regionally and can be influenced by events many kilometers away (e.g. inlet 

formation/dredging, groin or jetty construction, beach nourishment, etc.; Armstrong & Lazarus, 

2019; Stallins et al., 2020; Robbins et al., 2022). Large-scale change on barrier islands is driven 

by daily wave action and tides, as well as individual storm events. The daily press of wave action 

can lead to gradual erosion and landscape change, while the rapid pulse of a storm event can 

cause rapid shifts in island ecology and geomorphology (Hayden et al., 1991; Oertel & Overman, 
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2004; Zinnert et al., 2017). Along the US Atlantic coast, these storms come in the form of 

hurricanes and nor’easters. Storm events drive the movement of sediments, changing island 

shape and causing overwash and island migration (Leatherman et al., 1977; Hayden et al., 1995; 

Sallenger, 2000; Houser et al., 2008). As climate change occurs, storms will increase in severity 

and frequency (IPCC, 2022) resulting in further changes to barrier island systems.   

On smaller scales (individual islands and habitats) plant species composition and 

topography can impact how the island responds to storm and overwash events (Wolner et al., 

2013; Zinnert et al., 2017; Zinnert et al., 2019), impacting island resistance and resilience. Here, 

barrier island resilience is defined as the ability of the island to maintain elevation relative to sea-

level rise. This can result in various changes on the island, including island migration (FitzGerald 

et al., 2018; Zinnert et al., 2019). Barrier island resistance is reflected in an island remaining 

fixed in place, resisting changes that are driven by sea-level rise and severe weather, but over 

time may result in higher rates of shoreface erosion and loss of sediment to build up interior or 

marsh elevation (Zinnert et al., 2019). Barrier island sediment and vegetation dynamics can 

potentially become modified with the effects of climate change. Climate change impacts barrier 

island systems through species range shifts due to warming temperatures (Huang et al., 2018; 

Goldstein et al., 2018) and island erosion/migration due to sea-level rise, thus, it is important to 

understand the many connected interactions that exist within the landscape.  

 

Dune Building Grasses 

Dune grasses modify the physical environment around them by trapping moving 

sediment. Plant growth and sand accretion result in dune formation, land stabilization, and a 

reduction of wave energy/erosion (Woodhouse et al., 1977; Stallins, 2005; Zarnetske et al., 2012; 
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Feagin et al., 2019). In coastal dunes, grasses function as ecosystem engineers, modifying and 

enhancing the topography of the barrier island landscape (Zarnetske et al., 2012; Zinnert et al., 

2017). Recent research has worked to better understand the topographic and vegetation 

interactions that occur across the barrier island habitats, as well as how sediment fluxes and 

disturbance vary by habitat (Durán Vinent & Moore, 2015; Stallins & Corenblit, 2018; Zinnert et 

al., 2019). Dune elevation modifies surrounding island ecosystems, impacting swale habitat 

succession and state transitions between upland and marsh habitat (Woods et al., 2019; Zinnert et 

al., 2019).   

Dominant dune building grasses along the US mid-Atlantic coast include Ammophila 

breviligulata, Spartina patens, Panicum amarum, and Uniola paniculata (hereafter referred to by 

genus). All are common on the Virginia coast; however, native ranges vary. Ammophila is a C3 

grass limited to more temperate climates with mortality occurring above 35°C (Seneca & 

Cooper, 1971). Ammophila is an abundant grass on the Virginia coast with its southern range 

extending to Cape Fear, NC (Hacker et al., 2019), although this may be influenced by plantings 

(Goldstein et al., 2018). Spartina, Panicum, and Uniola are C4 grasses, and Uniola is most 

abundant in North Carolina and points south (Goldstein et al., 2018; Hacker et al., 2019). Both 

Panicum and Spartina can be found along the entire US east coast and are abundant on the 

Virginia coastline (Lonard et al., 2010; Hacker et al., 2019; Brown & Zinnert, 2020). Unlike 

other dune grass species, Spartina can thrive in a variety of habitats across the barrier island 

system, tolerating conditions on the dune ridge, in the swale, and in the back-barrier marsh 

(Ehrenfeld, 1990; Lonard et al., 2010).  

Each of the dune grass species mentioned exhibit different dune building characteristics. 

Ammophila, Panicum, and Uniola are known to be effective dune builders; however, Ammophila 



 4 

often creates linear dune ridges using lateral rhizomes, resulting in distinct sand accretion and 

dune stabilization (Woodhouse et al., 1977; Stallins, 2005; Goldstein et al., 2017). Conversely, 

Uniola and Panicum exhibit phalanx growth (i.e. more spaced-out bunches that do not spread in 

the same lateral manner) due to shorter rhizome length (Woodhouse et al., 1977; Stallins, 2005; 

Goldstein et al., 2017; Walker & Zinnert, 2022). Unlike the other species, dune building patterns 

of Spartina are less documented; however, it has been shown to build dunes, potentially at a 

slower rate compared to other grasses (Mullins et al., 2019). Each of these four species also 

exhibits differing aboveground traits (i.e. height, number of shoots, shoot density, plant density; 

Hacker et al., 2019; Walker & Zinnert, 2022) which may potentially impact sediment accretion 

(Charbonneau et al., 2021).  

Dune building is often impacted by disturbance in the form of severe weather and 

overwash events that can result in burial of dune grasses or large-scale erosion (Sallenger, 2000). 

Plant tolerance of high salinity and burial are necessary for dunes to survive these events (Brown 

& Zinnert, 2018). Disturbance events can also result in the temporary reset of a dune community.  

In an island setting where disturbance is more frequent, the dune community may not have 

sufficient time to recover between events, preventing new dune formation (Miller et al., 2009; 

Brown & Zinnert, 2020). Although recent studies have documented aspects of grass species 

effect on sediment dynamics, (e.g. Hacker et al., 2019; Mullins et al., 2019; Charbonneau et al., 

2021); studies examining natural dune grass populations and sediment capture over time are 

lacking. Quantifying interactions between dune building grasses and sediment movement at 

different locations across the entire barrier island system will enhance predictions of future 

conditions created by storms and sea-level rise disturbance (Wolner et al., 2013; Zinnert et al., 

2017; Zinnert et al., 2019). 
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Barrier Island Habitats 

Barrier islands are separated into distinct habitats including beach, dune, swale, and back-

barrier marsh (Figure 1). Variability in dune shape and size created by different dune building 

grasses have an important impact across the barrier island ecosystem. These differences lead to 

distinct vegetative zones on barrier islands, primarily consisting of dune and swale communities 

(Brown & Zinnert, 2020). As new dune formation occurs, embryonic dunes (i.e. hummocks) will 

coalesce into foredunes, which later form dune ridges and additional swale habitats (Goldstein et 

al., 2017; Walker & Zinnert, 2022). The formation of these separate habitats results in differing 

elevations and distance from shoreline, with plant species uniquely adapted to living in specific 

conditions (Young et al., 2011). These topographic separations affect species colonization which 

can lead to further habitat modification. 

Differences in dominant dune building grass may impact an entire barrier island. For 

example, islands that are dominated by lower, hummock dunes are often impacted more 

frequently by disturbance events as the dune ridges do not protect the swale habitat (Stallins, 

2005; Houser et al., 2008). This leads to swale habitat that is more similar to the surrounding 

dune and beach (Zinnert et al., 2017; Brown & Zinnert, 2020). Conversely, islands that are 

dominated by taller, linear dune ridges are more protected from disturbance events and the swale 

habitat is less frequently impacted. This leads to a swale habitat that is less similar when 

compared to the surrounding dune and beach habitats (Brown & Zinnert, 2020).  

  

Landscape Characteristics  

 Coastal dunes are nutrient limited as nutrients rapidly leach into the groundwater from 

the sandy substrates (Skiba & Wainwright, 1984; Wood, 2021). This creates a soil environment 
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that is limited in available nutrients for plant use (Ehrenfeld, 1990). Even with nutrients leaching 

from the soil, there are a variety of sources that add and modify the available concentrations 

including local and oceanic flora and fauna, often through decomposition of debris (Olson, 1958; 

Skiba & Wainwright, 1984; Ehrenfeld, 1990; Conn & Day, 1996). Other nutrients may enter the 

dune system from meteorological sources such as rain, snow, or ocean aerosols (Art et al., 1974; 

Ehrenfeld, 1990). Nitrogen, an important nutrient for plant growth, is often introduced to these 

systems through nitrogen fixing shrubs or animal waste (Permar & Fisher, 1983; Skiba & 

Wainwright, 1984). In the mid-Atlantic region, Morella cerifera (hereafter referred to by genus) 

is a common nitrogen fixing shrub with an expanding range in coastal ecosystems due to 

warming temperatures (Huang et al., 2018). Morella grows in the swale habitat behind protective 

foredunes, modifies the local grassland microclimate, and inputs nitrogen and carbon into the 

system (Brantley & Young, 2010; Woods et al., 2019; Wood et al. 2020). The relationship 

between foredune development and Morella expansion may alter nutrient availability, further 

influencing landscape dynamics. 

Across the barrier island landscape, soil carbon concentrations vary between the 

hummock, dune ridge, and swale habitats (Rossi & Rabenhorst, 2019). This is driven by 

increases in soil age across the landscape, with swale soils being older than dune soils, as well as 

the spatial transition from herbaceous to woody vegetation (Brantley & Young, 2010; Rossi & 

Rabenhorst, 2019). Although barrier island carbon processes are not well documented, these 

soils have the potential to store large amounts of organic carbon (Rossi & Rabenhorst, 2019), 

depending on overall landscape topography and species composition. Thus, differences in dune 

topography and the vegetation of adjacent swales have large-scale impacts on all components of 

the barrier island system (Zinnert et al., 2019; Reeves et al., 2022). 
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The objective of my research is to understand dune species interactions with 

sediment dynamics and impacts of dune topography on interior island ecosystem processes 

(i.e. carbon, productivity, species composition) in islands differing in disturbance histories. 

Using two barrier islands that differ in disturbance intensity (based on prior landscape change; 

Zinnert et al., 2019; Brown & Zinnert, 2020), I quantified 1) how sediment availability and 

disturbance interact with dominant dune grasses to influence rates of sediment accretion and soil 

characteristics over time and 2) how dune topography-disturbance interactions influence swale 

vegetation and soil characteristics. Quantifying these factors on islands differing in disturbance 

intensity provides insight into the roles that dune grasses have on barrier island landscape 

development and change.  

 

Methods 

The study area for this research was two islands on the Virginia Eastern Shore, located 

within the Virginia Coast Reserve (VCR). The VCR is a collection of islands spanning from 

Assateague Island in the north to Fisherman Island in the south (Hayden et al., 1991; Figure 2). 

This reserve was designated by the National Science Foundation (NSF) as a Long-Term 

Ecological Research (LTER) site and is managed by The Nature Conservancy (Hayden et al., 

1991). Since the evacuation of the town of Broadwater from Hog Island in the 1930s, these 

islands have been primarily uninhabited. This has created a vast barrier island system with 

limited direct human influence (Hayden et al., 1991). Prior to European settlement, these islands, 

along with the Virginia Eastern Shore were inhabited by the Accomac tribe, members of the 

Powhatan Confederacy. Throughout the 17th century, this land was taken from this group by 

colonizers through force and coercion (Rountree, 1996).  
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This work was focused on Hog and Metompkin Islands (hereafter referred to as ‘Hog’ 

and ‘Metompkin’; Figure 2). Both islands are currently undergoing differing responses to 

disturbance. Hog is infrequently disturbed and undergoes rotational change. This is evidenced by 

changes in the northern and southern ends of the island gaining and losing sand over time. 

Recently, sand has been eroding from the north end of the island and depositing on the south 

end, creating a wide beach allowing for establishment of dune grasses forming new dune 

hummocks. Hog is characterized by multiple linear dune ridges with swale habitat in between. 

The island is on average 1.70 m above mean sea-level, with an average thickness below mean 

sea-level of 4.5 m (Wolner et al., 2013). Island thickness below sea level refers to how much 

material separates the island surface from the continental shelf (Robbins et al., 2022). Hog has 

been characterized as rotationally unstable, where sediment shifts between the northern and 

southern ends of the island, but the center remains relatively consistent (Fenster et al., 2016).  

Metompkin is frequently disturbed and experiences extensive overwash, causing the 

island to retreat landward over time (Wolner et al., 2013; Zinnert et al., 2019). Metompkin has 

recently had a linear dune ridge; however, overwash fans have broken through this ridge causing 

it to be discontinuous (Brown & Zinnert, 2020). Unlike Hog, Metompkin is on average 1.64 m 

above mean sea-level, with an average thickness below mean sea-level of 1.0 m (Wolner et al., 

2013), and experiences parallel retreat, moving closer to the mainland over time (Fenster et al., 

2016). Further contributing to the disturbance response of Metompkin is downdrift sediment 

starvation caused by development on islands to the north (Stallins et al., 2020). This interrupts 

southward longshore sediment movement, preventing Metompkin from accreting new sediment 

naturally. Additional contributing factors to the differences seen among the two islands are 

ancient geological features that dictate island placement in relation to the mainland. This comes 
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in the form of underlying topographic highs around Hog that are absent near Metompkin 

(Robbins et al., 2022).   

Ammophila, Spartina, and Panicum are abundant on the Virginia barrier islands. Uniola 

is not dominant on these islands, and experimental plantings of Uniola on Hog have led to 

localized populations (Mullins et al., 2019).   

 

Study locations and sampling procedure 

To quantify herbaceous species abundance and elevation over time, cross-shore transects 

were established in August 2020 (n =3) on the south end of both islands. Transects were spaced 

100 m apart and 0.25m2 plots were placed every ~5 m from the 2020 high tide line spanning the 

beach, dune, and into the swale, stopping prior to a shrub thicket when present (n=30). At each 

plot, location and elevation were recorded with Trimble R10-2 and TSC7 units (Trimble Inc., 

Westminster, CO). In August 2020, 2021, and 2022, plots were quantified for % cover by 

species. Seasons end biomass was sampled in a 10 x 100 cm plot adjacent to each composition 

plot to quantify seasons end biomass (i.e. aboveground annual net primary productivity, ANPP). 

Due to logistical constraints, biomass was not collected on Hog in August 2022. 

In November 2021, additional sampling plots were established on the south ends of both 

islands, located on the foredune and in the swale. To quantify species interactions with sediment 

and soil characteristics, 0.25m2 plots were established based on species presence in naturally 

occurring monocultures (i.e. Ammophila, Spartina, Panicum, n = 5) on the foredune face. On 

Hog, additional plots were placed in the new dune hummock formation for Ammophila, Spartina, 

Panicum (n = 5). Within the swale, plots were located behind dunes in mixed species grassland 

(n = 15). Snow poles (123 cm in height and 0.8 cm in diameter) were installed in the center of 
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each plot to monitor sediment accretion. Poles were driven into the ground, leaving ~70 cm 

above the soil surface. Baseline measurements of exposed pole heights were obtained to indicate 

starting sand level at each sample location.  

Seasonal measurements of sediment accretion, species cover, stem density, and soil 

characteristics were conducted in 2021 (November) and 2022 (March, August, and November). 

Species percent cover and stem count were quantified within the 0.25 m2 plot. Soil cores were 

obtained directly outside of the 0.25 m2 plot using a 30 cm metal tube and a mallet. Height of the 

soil core was measured in the field, and cores were stored in soil collection bags to be 

transported back to the lab for processing.  

Bulk density was quantified to determine soil compaction by measuring the volume of 

soils in the field, and dry weight of the soil samples after drying at 100°C for 48 hours. Soil 

organic matter (OM) content was measured using the loss on ignition method by placing 1 g dry 

soil in a muffle furnace at 550°C for 6 hours (Marchante et al., 2008). Additional samples were 

sent to the Cornell Isotope Lab for additional analysis of total carbon and nitrogen content. Soil 

chlorides were quantified to assess salinity content using an Orion Research digital ion analyzer 

(model: 501, Orion Corporation, Espoo, Finland) to measure the conductivity (mV) of each 

sample and compare to known saline concentrations.   

 

Drone Imagery  

To quantify ease of movement across the landscape, orthomosaic and digital elevation 

models (DEM) were obtained through the completion of annual drone flights in 2020 and 2022 

with the assistance of the Castaroni lab at the University of Virginia and VCR staff. After drone 

flights, images were analyzed, modified, and corrected by the Castorani lab using Agisoft 
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Metashape version 1.7 (Agisoft, St. Petersburg, Russia). This created usable raster datafiles 

(.TIF) that contained imagery and elevation information as a DEM (Figure S1).   

To determine topographic factors impacting dune-swale connectivity, DEM imagery 

analysis was performed using ArcGIS Pro version 2.8.3 (Esri, Redlands, CA). Least cost path 

analysis was quantified on each island to determine the potential for overwash flow into the 

swale. Least cost path analysis is a useful tool in determining how water can move across a 

landscape. This metric (path cost value) is most commonly used when assessing watersheds in 

mainland areas, however, here we use it as a measure of how continuous dune protection is on 

the barrier island. The path cost value measures the amount of resistance caused by elevation 

changes moving from designated start/end points. Least cost path was evaluated starting on the 

beach (near the high-water mark) to the first swale behind the primary linear dune ridge (n=500, 

Figure S2).   

 

Statistics 

For statistical analysis, dune and swale habitats were considered separately. In order to 

meet assumptions of normality, percent cover, stem count, OM, and chlorides were log+1 

transformed. In the dune habitat, percent cover, stem density, accretion, and soil metrics were 

analyzed via 3-way ANOVA with habitat locations, species, and season as treatment variables. 

In the swale habitat, percent cover, ANPP, and soil metrics were analyzed via 2-way ANOVA 

with island and season as treatment variables. Tukey’s Honest Significant Difference tests were 

performed on significant interactions or main effects of ANOVA tests. Correlations were utilized 

to determine relationships between sediment accretion and biotic variables mentioned. Path cost 

values and Trimble elevations were analyzed using a 2-way ANOVA with island and year as 



 12 

treatment variables. Soil carbon and nitrogen percentages were not normally distributed and were 

analyzed using Wilcoxon Rank Sums tests. Analyses were completed using JMP Pro statistical 

software version 16.1.0 (SAS, Cary, NC).  

 

Results 

Dune Sediment Accretion  

Across all dune plots (n=30), sediment accretion rates were significantly higher on Hog 

(3.4 ± 0.4 cm month-1) compared to Metompkin (-0.2 ± 1.3 cm month-1, F=5.88, p=0.017; Figure 

3; Table S1). Because of the wide variation in sediment accretion and erosion on Metompkin, no 

species effects were seen. Many plots lost elevation on Metompkin, with 5 plots below the high 

tide line by August 2022 and 4 additional plots lost by November 2022. Additional dune face 

plots on Metompkin remained above high tide but transitioned to open beach.   

 

Dune and hummock accretion, Hog Island  

On Hog, monthly sediment accretion rates in newly formed dune hummocks (n=15) was 

35% higher than in plots on the existing dune face (F=12.70, p=0.0007; Table S2). Within these 

two habitats, dune building grasses accreted sediments at different rates. Sediment accretion rate 

was highest for Ammophila (5.4 ± 0.7 cm month-1) and Spartina (5.0 ± 0.5 cm month-1) 

compared to Panicum (2.6 ± 0.5 cm month-1, F=12.09, p<0.0001; Figure 4). Sediment accretion 

rate was highest in fall (6.8 ± 0.7 cm month-1) compared to winter (3.1 ± 0.3 cm month-1, 

F=23.44, p<0.0001). No species-specific effects were observed on Metompkin. 
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Dune plant composition 

 Along cross-island transects, Ammophila, Spartina, and Panicum were all dominant. 

Over the three-year sampling period, Panicum cover increased, resulting in a decrease in cover 

for other species (Figure 5).  

 

Dune Plant Characteristics 

Plant cover on dunes (n=30) was significantly higher (>40%) on Hog compared to 

Metompkin (F=43.54, p<0.0001; Figure 6; Table S3). During the sampling period, plant cover 

was lowest in fall due to plant dormancy (F=9.09, p<0.0001) and significantly lower during fall 

2022 on Metompkin coinciding with foredune plots transitioning to open beach (F=11.20, 

p<0.0001).   

Stem numbers in dune plots (n=30) were twice as high on Hog (36 ± 5 stems 0.25 m-2) as 

compared to Metompkin (14 ± 3 stems 0.25 m-2, F=12.54, p=0.0008; Figure 7; Table S4). 

Species specific differences were observed in stem number, with Spartina having the most stems 

compared to Ammophila and Panicum (F=5.94, p=0.0045; Figure 8). 

 

Soil characteristics  

Dunes 

Soil characteristics varied both spatially and temporally. Within the dune habitat, the 

lowest OM content occurred in summer 2022 on Hog (0.20 ± 0.05%) and was highest in fall 

2021 on Hog (0.34 ± 0.02%, F=4.44, p=0.015; Table S5). All other samples were statistically 

similar. Soil chlorides were highest on Metompkin in fall 2022 (222,179 ± 96,210 μg g-1) and 

lowest on Hog in fall 2022 (12,669 ± 11,438 μg g-1, F=8.07, p=0.0007; Table S6). Between 
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islands, chlorides were higher on Metompkin (85,221 ± 32,717 μg g-1) compared to Hog (9,217 ± 

5,364 μg g-1, F=61.03, p<0.0001). Seasonally, chlorides were highest in fall 2022 (109,942 ± 

48,484 μg g-1) compared to fall 2021 and summer 2022 (F=15.66, p<0.0001). Bulk density 

differed by island and within season. Bulk density was higher on Metompkin (1.39 ± 0.01 g cm-

3) compared to Hog (1.35 ± 0.01 g cm-3, F=19.02, p<0.0001; Table S7) and was highest in 

summer 2022 (1.45 ± 0.003 g cm-3) and lowest in fall 2021 (1.27 ± 0.008 g cm-3, F=140.37, 

p<0.0001). Soil carbon and nitrogen were significantly higher in Hog dune soils (0.09 ± 0.04% 

C, 0.005 ± 0.002% N) than Metompkin dune (0.03 ± 0.005% C, 0.002 ± 0.0001%, N, p<0.0001 

for both).   

 

Cross-island connectivity  

Elevation differed between islands, habitats, and over time. There was an island by 

habitat interactions (F=4.32, p=0.039; Table S8) with Hog dunes exhibiting the highest overall 

elevation (2.33 ± 0.11 m) followed by Hog swale (1.99 ± 0.09 m). Metompkin dunes (1.75 ± 

0.09 m) and swale (1.74 ± 0.05 m) were not statistically different from one another. There was 

also a significant island by year interaction with Metompkin 2022 exhibiting the lowest overall 

elevation (1.51 ± 0.10 m), while Hog 2022 had the highest (2.31 ± 0.13 m, F=6.99, p=0.001).  

Average path cost (resistance against movement across the landscape) was 7% higher on 

Hog compared to Metompkin (F=133.05, p<0.0001; Table S9), creating more topographical 

resistance of seawater and sediment when traveling from the beach to the interior swale.  
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Swale characteristics 

Grassland swale plant cover was highest on Hog (52 ± 5%) compared to Metompkin (13 

± 9%, F=45.21, p<0.001; Table S10). Further, cover on both islands was higher in August 2022 

(54 ± 9%) compared to November 2021 (32 ± 13%, F=2.95, p=0.04). Swale annual net primary 

productivity (ANPP) was higher on Hog (299 ± 45 g m-2 yr-1) compared to Metompkin (191 ± 23 

g m-2 yr-1, F=11.21, p=0.001; Figure 10; Table S11).   

 Soil characteristics differed by island and/or time. A significant island by time interaction 

was seen in soil chlorides with highest values in summer and fall 2022 on Metompkin (10,800 ± 

7,296 μg g-1, 47,782 ± 33,239 μg g-1, F=4.41, p=0.0188; Table S13). Soil chlorides were higher 

in Metompkin swale (19,785 ± 11,813 μg g-1) compared to Hog swale (539 ± 462 μg g-1, F=9.44, 

p=0.0039).  

Bulk density in the swale habitat varied by island and over time. Bulk density was highest 

in Metompkin swale (1.37 ± 0.02 g cm-3) compared to Hog swale (1.32 ± 0.02 g cm-3, F=13.38, 

p=0.0008; Table S14). It was highest in summer 2022 (1.43 ± 0.01 g cm-3), and lowest in fall 

2021 (1.21 ± 0.02 g cm-3, F=85.41, p<0.0001).   

 OM content was higher in Hog swale (0.41 ± 0.03%) compared to Metompkin swale 

(0.26 ± 0.04%, F=4.41, p=0.0429; Table S12). Soil carbon and nitrogen percentages in the swale 

varied between Hog and Metompkin. Carbon in Hog swale soils (0.07 ± 0.005%) was higher 

than that in Metompkin swale soils (0.03 ± 0.003%, p<0.0001). Similarly, nitrogen in Hog swale 

soils (0.009 ± 0.0006%) was higher than that in Metompkin swale soils (0.003 ± 0.0002%, 

p<0.0001).   
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Discussion  

 Barrier islands are highly dynamic ecosystems and are frequently impacted by 

disturbance events (i.e. hurricanes, nor’easters). Under future climate scenarios these storms will 

intensify (IPCC, 2022), resulting in increased impacts to barrier island systems. Barrier islands 

are at risk of drowning when unable to migrate under increasing rates of sea-level rise 

(FitzGerald et al., 2018). Although we understand ecological processes that lead to dune 

formation and succession on barrier islands (Woodhouse et al., 1977; Ehrenfeld, 1990; Day et 

al., 2001; Miller et al., 2009; Brown & Zinnert, 2020; Charbonneau et al., 2021; Enwright et al., 

2021), knowledge gaps remain in our understanding of how adjacent ecosystems on the islands 

interact and how dune shape and size impacts interior island function. My results show that 

dominant dune grass species accrete sediment at different rates depending on island and habitat 

type, with the highest rates of accretion occurring among Ammophila and Spartina in areas with 

sufficient sediment supply, such as those found on south Hog. As these dunes develop, increased 

protection is provided for the adjacent swale habitat, allowing for higher ANPP, soil carbon and 

nitrogen, and decreased soil salinity. On Metompkin, reduced sediment supply to the island leads 

to slower dune building and dune erosion, allowing seawater to reach the swale more frequently, 

leading to lower ANPP, soil carbon and nitrogen, and higher soil chlorides. My work provides 

additional information for understanding barrier island ecosystems, dune building processes, and 

how these differences impact surrounding habitats, which can be used in modeling evolution 

under different climate change scenarios. Continued changes in climate warming, sea-level rise, 

and sediment dynamics impact species distributions that lead to differences in dune building and 

overall community composition on the Virginia barrier islands.    
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 Dune grass presence and abundance is important in determining dune formation which 

alters barrier island landscape characteristics. Over the last several decades, the Virginia climate 

has warmed, resulting in shifting species distributions (Huang et al., 2018; Goldstein et al., 

2018). Climate warming has likely resulted in an increase in the cover and frequency of 

Panicum, a C4 grass, in the Virginia barrier system. Two decades prior, dunes on Hog Island 

were dominated by Ammophila and Spartina, with Panicum only comprising ~2% of dune 

relative cover (Day et al., 2001). By 2022 Panicum relative cover increased to >40% on both 

Hog and Metompkin. While Ammophila and Spartina are still present on the islands, this shift 

may have implications for overall dune structure as explained below.   

 Previous literature suggested the potential expansion of C4 grasses northward with 

warming temperatures, but these predictions focused on the expected expansion of Uniola 

(Harris et al., 2017; Goldstein et al., 2018). Contrary to these predictions, our results demonstrate 

that Panicum has expanded on the islands, while Uniola has not. Declines in relative cover of 

Ammophila may be due to warming temperatures as the species has high mortality rates at 

temperatures above 35°C (Seneca & Cooper, 1971). Expansion of Panicum rather than Uniola is 

likely a result of Panicum having a larger presence and longer history on the islands. Uniola was 

introduced to Hog through experimental plantings in 2014 (Mullins et al., 2019) while Panicum 

has been documented on the Virginia Barrier Islands since the beginnings of dune grass research 

in the area in 1975 (McCaffrey & Dueser, 1990).   

 Hog and Metompkin have a history of linear dune ridges that formed as a result of high 

dominance of Ammophila due to long rhizomes and high lateral growth rates (Woodhouse et al., 

1977; Wolner et al., 2013; Goldstein et al., 2018; Walker & Zinnert, 2022). Change in species 

abundance documented on the Virginia barrier islands may result in dunes with characteristics 
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more commonly associated with Panicum dune building. Unlike Ammophila, Panicum exhibits 

phalanx growth due to shorter rhizomes (Walker & Zinnert, 2022) and traps 50% less sediment 

than Ammophila or Spartina, forming smaller, hummocky dunes based on results from this 

research. Growth traits of Panicum will not result in the continuous linear dune ridges associated 

with Ammophila dominated dunes and could have implications for the broader landscape 

connectivity patterns in the future.   

In addition to sediment accretion interactions with grasses (Woodhouse et al., 1977; 

Stallins, 2005; Zarnetske et al., 2012), dune building is controlled by large scale geophysical 

factors that influence sediment availability and abundance (Roman & Nordstrom, 1988; Jay et 

al., 2022; Robbins et al., 2022). Even among islands that are geographically close to one another, 

the abundance and movement of sediment has an influence on island processes (Armstrong & 

Lazarus, 2019) and response to disturbance. In the Virginia barrier island system, both Hog and 

Metompkin are impacted by similar seasonal weather conditions and disturbance events in the 

form of hurricanes and nor'easters, and even a moderate storm can have long lasting effects on 

various island habitats (Tuley, 2020). Storm events can lead to varied impacts with storm surge 

causing erosion in some places and sediment deposition in others (Leatherman et al., 1977; 

Hayden et al., 1995; Sallenger, 2000; Houser et al., 2008; Tuley, 2020). Although dune building 

processes on the two islands are impacted by similar environmental factors, sediment accretion 

was highest on Hog compared to Metompkin, with all plots increasing elevation during the 1-

year sampling period. On Metompkin, many plots lost elevation as the habitat transitioned from 

dune face to open beach (9 plots) and in some cases, plots were submerged at high tide as the 

shoreline has been moving landward (Zinnert et al., 2019; Mariotti & Hein, 2022).   
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Larger scale geomorphic processes factor into dune development on these two islands. 

With an abundance of sediment, the south end of Hog offers increased protection to the 

established foredune face, allowing dune building to continue even during winter months 

(although at a lower rate than in new dune hummock formation). Metompkin does not have the 

same sediment abundance, resulting in island migration and overwash events (Zinnert et al., 

2019). Thus, disturbance events prevent year-round sediment accretion, and dunes are washed 

away as sediment is redistributed. Due to high variation in sediment accretion and erosion on 

Metompkin, species differences were not observed at the island scale.  

Species differences emerge when sediment is abundant, as seen on the south end of Hog. 

In the new dune hummock formation, accretion occurred at a faster rate (35% higher) than in 

adjacent foredune plots. Accretion may be initially faster in newly developing dunes, but as 

sediments continue to accrete and as the dune develops, sediment availability is altered and 

accretion slows (Davidson-Arnott & Law, 1996; Charbonneau et al., 2021).  Regardless of dune 

location (i.e. foredune or hummock), Ammophila and Spartina had the highest rates of accretion 

and were ~50% higher than Panicum. Mullins et al. (2019) utilized leaf growth to quantify rates 

of sediment accretion among transplants of Ammophila, Spartina, and Uniola, suggesting 

Ammophila builds dunes more quickly compared to Spartina and Uniola. After the 1-year 

sampling period, my results suggest that natural populations of Ammophila and Spartina accrete 

sediment at similar rates in foredunes and newly developing dunes. The significantly lower 

accretion rate in Panicum may be of increased importance due to increased abundance across the 

Virginia barrier islands and continued climate warming. Panicum has the potential to alter dune 

dynamics and growth from those previously documented in Virginia, creating new climate-

vegetation scenarios that current models may not predict.  
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As a result of differing disturbance regimes and sediment supply, dune plant cover on 

Hog was >40% higher than on Metompkin, and remained relatively consistent throughout the 

sampling period, whereas Metompkin dune cover decreased as dunes eroded and transitioned to 

open beach. Metompkin dunes also had ~50% lower stem numbers on average compared to Hog 

due to disturbance. These trends in vegetation on Metompkin can be attributed to disturbance 

events that cause the ecosystem to reset frequently (Ehrenfeld, 1990). Unlike on Hog where 

succession can continue, plant communities on Metompkin may reset each time a disturbance 

event occurs, in line with island migration patterns (Day et al., 2001; Brown & Zinnert, 2020).   

 Among species, Panicum had significantly lower stem numbers which may explain lower 

sediment accumulation. Although not statistically significant, Spartina had more stems than 

Ammophila, a trait that has been previously documented in lower latitudes (Hacker et al., 2019). 

Stem numbers have been suggested to impact on the ability of dune grasses to capture sand, 

however we found no relationships for any of our species. There are a variety of other 

mechanisms utilized by dune grasses to increase elevation including rhizomatic growth 

(Goldstein et al., 2017; Hacker et al., 2019).   

Dune soil characteristics followed expected trends between the two islands based on 

disturbance history. Organic matter content, soil carbon, and soil nitrogen were higher in Hog 

dunes compared to Metompkin. As Metompkin experiences higher disturbance, accumulated soil 

carbon may be removed as new sand is deposited or leached out of sandy soils (Rossi & 

Rabenhorst, 2019). Organic matter also varied by season which may reflect growth and 

dormancy of above and belowground vegetation, but little is known about the temporal carbon 

dynamics within dunes alone. Organic matter was lowest during summer months, a time when 

dune grasses actively increase biomass and lower in fall when plants enter dormancy. Dune soil 
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chlorides also varied spatially and seasonally. They were 89% higher on Metompkin compared 

to Hog, likely due to increased overwash events as indicated by bulk density. Temporal 

dynamics of soil chlorides may be due to seasonal weather conditions. Heavy rain events can 

cause leaching of both chlorides and organic matter from sandy soils, but little is known about 

the controls on these dynamics. Soil metrics further reinforce our understanding that there are 

critical differences in the dune ridges and dune development between the two islands. Although 

Hog and Metompkin are geographically close and experience the same extreme weather events, 

the dunes, dune development, and dune sediment characteristics are significantly different and 

lead to impactful changes in the adjacent swale habitat.  

Dune building directly impacts the interior island swale habitat by providing protection 

from disturbance and seawater (Brown & Zinnert, 2020). This connectivity of sediment and 

seawater (or lack thereof) impacts ecosystem function of the interior island. In order to relate 

these ground-obtained metrics to a larger scale, least cost path analysis was used to compare the 

ease of water movement from the shoreline into the island interior. Overall, path cost values 

were highest on Hog compared to Metompkin, aligning with previous understandings that the 

dune ridge on Hog is more continuous and robust (Wolner et al., 2013; Brown & Zinnert, 2020). 

Dune elevation was also higher on Hog (2.33 ± 0.11 m), relative to Metompkin (1.75 ± 0.09 m).   

Tall, continuous dunes provide increased protection for interior island habitats where 

successional processes can dominate. The disturbance-moderating effects of these continuous 

dune ridges also influence interior soil characteristics (Stallins, 2001; Zinnert et al., 2017; Woods 

et al., 2019; Brown & Zinnert, 2020). Community composition and soil characteristics are highly 

dependent on ocean water or salt spray extending past the primary beach to the dune ridges and 

further into the swale. Increased salinity serves as a stressor for plant species, including those 
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with elevated salt tolerance (Oosting & Billings, 1942). Plants in the swale habitat are more 

heavily burdened by this salinity, reducing ANPP and soil carbon inputs. In swale grassland, 

ANPP, organic matter content, soil nitrogen, and soil carbon were higher on Hog than 

Metompkin. Dune protection also allows for increased plant biodiversity where a wide variety of 

plant species thrive (Brown & Zinnert, 2020). Eventually, grasslands transition to Morella 

shrubs, and as swale protection continues, Morella seedlings begin to grow in new swales closer 

to the ocean, a direct result of the increased protection provided by the new dune formation 

(Woods et al., 2019; Wood, 2021).  

Although Morella and other woody vegetation are present on Metompkin (Zinnert et al., 

2019), expansion of woody plants is limited due to the enhanced seawater movement into the 

interior portions of the island. Soil chlorides were >36 times higher in Metompkin swales than 

those on Hog, limiting the growth of Morella (Tolliver et al., 1997). As a result of reduced 

vegetative cover and ANPP, soil organic matter content, soil carbon, and soil nitrogen were also 

very low in Metompkin swale habitat.    

Bulk density in the swale followed the trend seen in dune habitat (i.e.  higher in 

Metompkin swale compared to Hog swale). This may further indicate soil movement and 

compaction on Metompkin past the dune due to overwash events. Previous work suggests that 

barrier island soil surface bulk density decreases moving inland (Tackett & Craft, 2010). 

Metompkin swale bulk density values were higher than those observed on Hog dunes, aligning 

with the theory that disturbance is driving high bulk density values on Metompkin. With 

repeated overwash events, sediments on Metompkin can become more compacted in wide 

overwash fans. Conversely, Hog dunes and swales are not exposed to the same level of 

disturbance, and do not experience compaction events frequently. Further differences in 
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sediments on the two islands such as grain size may contribute to these differences in sand 

availability and movement (Fenster et al., 2016).   

 

Conclusion  

Barrier islands consist of distinct adjacent habitats that are frequently impacted by 

disturbance. This disturbance is an important driver of long-term change, and island systems 

exist with it. Of the species that inhabit barrier islands, dune building grasses have a critical role 

in landscape modification. These species, Ammophila breviligulata, Spartina patens, and 

Panicum amarum grow in the beach habitat, gradually transforming the landscape into a 

protective dune ridge when sediment is abundant. Dunes built by these grasses allow for the 

ecological community in the swale to thrive as it is protected from the effects of the ocean. With 

a changing climate, nearly all aspects of the barrier island ecosystem will be impacted, and it is 

important to understand and predict these changes on multiple levels. Warming temperatures and 

increased abundance of Panicum on the Virginia barrier islands will drastically modify dune 

development, driving changes across the island landscape. As Panicum accumulates less 

sediment than Ammophila and Spartina, increased abundance may result in lowered dune 

protection and reduced productivity in the grassland swale, impacting ecosystem carbon and 

nitrogen cycling. Panicum dominance on an island that is already undergoing rapid change 

(Metompkin) could further enhance the erosive properties of the island and prevent the system 

from adapting to rising sea-levels. This will also have implications for more stable islands (Hog) 

as a landscape dominated by multiple linear dune ridges transitions to more hummocks. As 

scientists work to better understand barrier island systems, it is ever more important that 
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biological feedbacks from island ecosystems are incorporated into future scenario modeling and 

predictions.   
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Figures 

 

Figure 1. Cross-section of a typical barrier island. Image created by Julia Yee.   
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Figure 2. The barrier islands of the Virginia Coast Reserve. Islands studied marked in red. Study 

areas are located on the southern ends of both Hog and Metompkin Islands.  
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Figure 3. Average sediment accretion rate (cm month-1) for Hog and Metompkin.   

 

 

 

 



 28 

 

Figure 4. Average sediment accretion rate (cm month-1) by habitat and dominant species on Hog. 

Letters indicate statistical difference, error bars show standard error.  
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Figure 5. Relative % cover (a) and relative % frequency (b) for dune grass species along cross-

island transects on Hog and Metompkin.  
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Figure 6. Average percent cover of dominant dune grasses by season on Hog and Metompkin. 

Letters indicate statistical difference, error bars show standard error.  
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Figure 7. Mean stem count for all species by island. Letters indicate statistical difference, error 

bars show standard error.  
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Figure 8. Mean stem count for both islands by dune grass species. Letters indicate statistical 

difference, error bars show standard error. 
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Figure 9. Mean path cost values for Hog and Metompkin. Letters indicate statistical difference, 

error bars show standard error.  
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Figure 10. Annual net primary productivity in grassland swale on Hog and Metompkin. Letters 

indicate statistical difference, error bars show standard error.  
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Figure 11. Average log transformed seasonal chlorides for both habitats on Hog and Metompkin. 

Letters indicate statistical difference, error bars show standard error.  
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Supplementary Tables and Figures 

Table S1. Three-way ANOVA results for sediment accretion rate (cm month-1) by season, 
dominant dune grass species, and island. Significant factors are shown in bold. 

Source   F p  

Season  0.0367 0.9639 

Dominant Species  0.8391 0.4363 

Island  5.8823 0.0178 

Season*Dominant Species  0.0761 0.9893 

Season*Island  1.3445 0.2671 

Dominant Species*Island  0.3261 0.7228 

Season*Dominant Species*Island   0.0692 0.9911 
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Table S2. Three-way ANOVA results for sediment accretion rate (cm month-1) on Hog by 
season, habitat, and island. Significant factors are shown in bold. 

Source   F p 

Season  23.4416 <0.0001 

Habitat  12.6978 0.0007 

Dominant Species  12.0853 <0.0001 

Season*Habitat  2.7746 0.0691 

Season*Dominant Species  1.862 0.1664 

Habitat*Dominant Species  0.0077 0.9924 

Season*Habitat*Dominant Species   0.2422 0.7859 
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Table S3. Three-way ANOVA results for percent cover by season, dominant dune grass species, 
and island. Significant factors are shown in bold. 

Source   F p 

Season  9.0867 <0.0001 

Dominant Species  0.3416 0.7115 

Island  43.5384 <0.0001 

Season*Dominant Species  0.3726 0.8948 

Season*Island  11.1973 <0.0001 

Dominant Species*Island  1.2564 0.2893 

Season*Dominant Species*Island   0.1493 0.9888 
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Table S4. Three-way ANOVA results for stem count by season, dominant dune grass species, 
and island. Significant factors are shown in bold. 

Source   F p 

Season  1.8481 0.1667 

Dominant Species  5.9413 0.0045 

Island  12.5352 0.0008 

Season*Dominant Species  1.6662 0.1702 

Season*Island  2.2204 0.1177 

Dominant Species*Island  2.0149 0.1426 

Season*Dominant Species*Island   0.1869 0.9443 
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Table S5. Three-way ANOVA results for OM in the dune habitat by season, dominant dune 
grass species, and island. Significant factors are shown in bold. 

Source   F p  

Season  1.5936 0.2105 

Dominant Species  0.8905 0.4151 

Island  0.0025 0.9603 

Season*Dominant Species  1.4530 0.2258 

Season*Island  4.4362 0.0153 

Dominant Species*Island  3.2269 0.0457 

Season*Dominant Species*Island   0.8785 0.4813 
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Table S6. Three-way ANOVA results for soil chlorides (μg g-1) in the dune habitat by season, 
dominant dune grass species, and island. Significant factors are shown in bold. 

Source   F p  

Season  15.6630 <0.0001 

Dominant Species  0.5018 0.6076 

Island  61.0270 <0.0001 

Season*Dominant Species  3.1593 0.0191 

Season*Island  8.0657 0.0007 

Dominant Species*Island  0.4347 0.6492 

Season*Dominant Species*Island   1.1075 0.3600 
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Table S7. Three-way ANOVA results for bulk density (g cm-3) in the dune habitat by season, 
dominant dune grass species, and island. Significant factors are shown in bold. 

Source   F p  

Season  140.3707 <0.0001 

Dominant Species  0.0691 0.9333 

Island  19.0211 <0.0001 

Season*Dominant Species  1.4527 0.2259 

Season*Island  1.0055 0.3711 

Dominant Species*Island  0.8120 0.4481 

Season*Dominant Species*Island   1.9579 0.1105 
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Table S8. Three-way ANOVA results for elevation (m) by habitat, island, and year. Significant 
factors are shown in bold. 

Source   F p 

Habitat  4.6658 0.0316 

Island  25.9781 <0.0001 

Year  0.9156 0.4015 

Habitat*Island  4.3234 0.0385 

Habitat*Year  2.2420 0.1081 

Island*Year  6.9928 0.0011 

Habitat*Island*Year   1.5599 0.212 
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Table S9. Two-way ANOVA results for path cost value by island and year. Significant factors 
are shown in bold. 

Source   F p 

Island   133.0454 <0.0001 

Year  159.7671 <0.0001 

Month*Island   113.2582 <0.0001 
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Table S10. Two-way ANOVA results for plant cover in the swale habitat by season and island. 
Significant factors are shown in bold. 

Source   F p 

Season  2.9458 0.0413 

Island  45.2111 <0.0001 

Season*Island   0.1122 0.9526 
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Table S11. Two-way ANOVA results for ANPP (gm-2 yr-1) in the swale habitat by year and 
island. Significant factors are shown in bold. 

Source   F p 

Year  0.0319 0.8585 

Island  11.2087 0.0010 

Year*Island   0.9894 0.3215 
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Table S12. Two-way ANOVA results for OM in the swale habitat by season and island. 
Significant factors are shown in bold. 

Source   F p 

Season  0.3606 0.6998 

Island   4.4058 0.0429 

Season*Island   1.6593 0.2045 
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Table S13. Two-way ANOVA results for chlorides (μg g-1) in the swale habitat by season and 
island. Significant factors are shown in bold. 

Source   F p 

Season  7.1718 0.0022 

Island   9.4438 0.0039 

Season*Island   4.4085 0.0188 
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Table S14. Two-way ANOVA results for bulk density (g cm-3) in the swale habitat by season 
and island. Significant factors are shown in bold. 

Source   F p 

Season  85.4091 <0.0001 

Island   13.3786 0.0008 

Season*Island   2.6898 0.0805 
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Correlations 
Table S15. Correlations of sediment accretion with % cover, previous cover, stem count, and 
previous stem count.   
March 2022   Correlation 
Hog Dune Cover (%) -0.3421 
 Lag cover (%) 0.3348 
 Stem count 0.2081 

Hog Hummock Cover (%) 0.3714 
 Lag cover (%) 0.5427 
 Stem count 0.3952 

Metompkin Dune Cover (%) -0.0015 
 Lag cover (%) 0.4712 
 Stem count 0.0409 

August 2022     
Hog Dune Cover (%) -0.3516 
 Lag cover (%) 0.2750 
 Stem count -0.0704 
  Lag stem count 0.4251 
Hog Hummock Cover (%) -0.2902 
 Lag cover (%) 0.2588 
 Stem count 0.2865 
  Lag stem count 0.3354 
Metompkin Dune Cover (%) 0.7852 
 Lag cover (%) 0.3738 
 Stem count 0.7031 
  Lag stem count 0.2594 
November 2022     
Hog Dune Cover (%) -0.0139 
 Lag cover (%) -0.3663 
 Stem count -0.0101 
  Lag stem count -0.0580 
Hog Hummock Cover (%) -0.3755 
 Lag cover (%) -0.3336 
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 Stem count 0.2162 
  Lag stem count 0.2058 
Metompkin Dune Cover (%) 0.8142 
 Lag cover (%) 0.2513 
 Stem count 0.7900 
  Lag stem count 0.1695 
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Figure S1. Digital elevation model overlayed on Hog Island.  
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Figure S2. Visual representation of least-cost paths across Hog (left) and Metompkin (right) 

Islands. 2020 paths are shown in red, 2022 paths shown in blue.  
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