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A B S T R A C T   

Ecosystems on barrier islands provide socio-ecological services to terrestrial and aquatic endangered species, as 
well as human inhabitants. The management of these coastal ecosystems is challenged by changes in annual and 
storm time scales driven by atmospheric, oceanographic, geologic, and human processes. Thus, the need for data 
and methods to accurately quantify and assess ecosystem and land cover evolution to inform stakeholders is on 
the rise. A dataset of high-resolution color infrared images of a U.S. National Wildlife Refuge is used to quantify 
annual land cover changes at a barrier island scale and to identify the effects of hurricanes and their recovery 
periods. Geospatial analysis and change matrices depict the interconnection between 13 land cover classes. 
Vegetation growth over regions of bare sand formed by storms leads to the creation of successional habitats, 
while the loss of bare sand dune to beach, and beach to water are indicators of erosional processes. Storms 
passing along the ocean and sound side of a barrier island result in different land cover changes that can last 
anywhere from 4 to more than 7 years, respectively. Management practices for coastal regions and the presence 
of infrastructure partially control the expansion of marshes, bare sand, maritime brush, and dunes.   

1. Introduction 

Coastal ecosystems are some of the richest environments on Earth. 
They are considered of ecological and commercial value (Seitz et al., 
2014) due to their biological productivity and the services they provide 
as fish nurseries, important migratory stopover and foraging areas, and 
home for marine and terrestrial species. In addition, studies by Arkema 
et al. (2013); Powell et al. (2019); Spalding et al. (2014); Sutton-Grier 
et al. (2015) among others, suggest that coastal ecosystems act as nat-
ural barriers to protect communities and properties from storms and 
sea-level rise. 

Ecosystems in coastal regions are dynamic and often modified by 
phenomena with varying time scales like geological processes, sea-level 
rise, climate change, fires, wind, waves, human interventions, and 
storms (Sleeter et al., 2018). Von Holle et al. (2019) suggest that future 
sea-level rise and increased storm activity are expected to diminish 
coastal ecosystems by removing fish and wildlife habitat along the South 
Atlantic Bight in the United States. Similarly, geospatial models of the 

Venice Lagoon in Italy by Ivajnšič et al. (2018) suggest that all the 
coastal habitats in the region will tend to decrease in their extent by 
2050 and beyond due to sea-level rise. Loss of mangroves in the Carib-
bean has been attributed to anthropogenic activities and urban expan-
sion (Ellison & Farnsworth, 1996; Tuholske et al., 2017), while 
vegetation and coastal habitats changes due to fires have been reported 
in Argentina (Isacch et al., 2004) and California (Syphard et al., 2006). 

Quantifying land cover changes in long- and short-time scales and 
recovery periods is important for land management purposes and to gain 
a better understanding of the connection between physical, biological, 
and environmental processes driving the evolution of coastal regions. As 
the availability of remotely sensed data increases, the assessment of 
habitat change at regional and local scales has also been increasing; 
efforts to map ecosystem changes along coastal regions include the 
nationwide analysis of the 2004–2009 wetlands inventory by Dahl 
(2011), who reported a net loss of wetlands in the conterminous United 
States. Other regional-scale studies include the National Oceanographic 
and Atmospheric Administration (NOAA)’s land cover change reports, 
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part of the Coastal Change Analysis Program (C-CAP) land cover map-
ping efforts (NOAA Office for Coastal Management, 2019) and the 
analysis of three-decades of interannual dynamics of coastal tidal flats in 
Eastern China using Google Earth Engine completed by Wang et al. 
(2018). Borde et al. (2003) studied the regional-scale habitat changes in 
the Pacific Northwest estuaries and suggested that physical alteration of 
the environment, forest practices, variation in climate and oceano-
graphic processes are the main contributors to habitat changes in that 
region. Ramirez-Cuesta et al. (2016) concluded that marine erosion and 
anthropogenic expansion were the main processes driving ecosystem 
change in the Ebro River mouth in Europe. 

In regions where storms are common, these phenomena are 
responsible for the most abrupt changes in coastal landscapes, including 
morphological and vegetation changes. Morphological changes result-
ing from storms include beach and dune erosion, overwash, and barrier 
island breaching (Kochel & Dolan, 1986; Morton & Sallenger, 2003; 
Stone et al., 2004). Vegetation changes include marsh burying and 
colonization of vegetation following overwash and variability of vege-
tation abundance on dunes (Courtemanche et al., 1999; Gornish & 
Miller, 2010). Although coastal storms can cause coastal erosion and 
damage infrastructure, some studies have demonstrated that storms 
could have beneficial effects for the creation and maintenance of early 
successional habitat for shorebirds (Cohen et al., 2009; Walker et al., 
2019; Zeigler, Gutierrez, et al., 2019). Other studies have demonstrated 
that coastal ecosystems that include plant communities are resilient to 
major storms (Snyder & Boss, 2002; Young et al., 1995). 

A few studies have used remotely sensed data to specifically look into 
hurricane effects on barrier island vegetation, land cover changes and 
recovery periods. Carter et al. (2018) and Lucas and Carter (2013) used 
aerial and satellite images with 10 and 2 m resolution to assess changes 
in vegetation types on a barrier island in the Gulf of Mexico after Hur-
ricane Katrina; their results suggest that most vegetation changes occur 
due to overwash and 2.2 years after the storm vegetated areas recovered 
by at least 72%. Zeigler, Gutierrez, et al. (2019) used orthoimagery to 
generate a 5 m × 5 m habitat database and found that Hurricane Sandy 
increased piping plover habitat along different sites in the U.S. Atlantic 
coast, with less habitat created near human-developed sites. Such 
studies have proved the relevance of high-resolution maps and change 
analysis to generate information for land and infrastructure manage-
ment purposes; information that can also be leveraged for the protection 
and conservation of wildlife resources. 

This study aims to propose an approach to quantify land cover classes 
and changes at a barrier island scale and to identify the effects of 
different storms on land cover and their recovery periods. As a 
demonstration of this approach, a case study for a U.S. National Wildlife 
Refuge is presented. Annual Color Infrared Images (CIRs) taken in the 
past decade are used to create 0.6 m (2 ft)-resolution maps for a barrier 
island in North Carolina. Yearly and storm-induced land cover evolution 
is tracked via annual maps and colored-change matrices designed to 
facilitate analysis and management use. The spatiotemporal effects of 
two major storms that impacted the coast of North Carolina in 2011 and 
2012 are depicted using geospatial analysis of land cover changes. 
Although the results are presented for a single National Wildlife Refuge, 
the methods and findings are applicable to other coastal regions and 
could be transferred to provide relevant information for managers and 
stakeholders. 

2. Study area 

The Pea Island National Wildlife Refuge (PINWR) located in the 
Outer Banks of North Carolina, USA is a 21 km stretch of Hatteras Island 
(Fig. 1) between the Atlantic Ocean and the Pamlico Sound. The PINWR 
extends from the south shoulder of Oregon Inlet to the northern 
boundary of the community of Rodanthe covering 23.6 km2 (5,834 
acres) of land. The refuge was established in 1938 by Executive Order as 
a breeding ground for migratory birds and other wildlife (U.S. Fish and 

Wildlife Service, 2006). The refuge is managed as part of the National 
Wildlife Refuge System by the U.S. Fish and Wildlife Service (USFWS) 
for the conservation, management, and where appropriate, restoration 
of the fish, wildlife, and plant resources and habitats within the United 
States for the benefit of present and future generations (U.S. Fish and 
Wildlife Service, 2006). 

The refuge has the typical land cover types and ecosystems of barrier 
islands in the southeastern United States including beaches, dunes, 
marshes, salt flats, and brackish ponds. Anthropogenic features include 
the NC 12 Highway that runs along the refuge mostly at ground eleva-
tion without any barriers between the roadway and the surrounding 
environment, parking lots, three human-made impoundments located in 
the northern half of the refuge, and a terminal groin built at Oregon Inlet 
to protect the southern abutment of the bridge that crosses the inlet from 
scour (Fig. 1). Although the impoundments, the road, and the terminal 
groin have fixed locations (the road used to be moved landward as 
erosion threatened it in the past, but currently it can only be moved 
within its right-of-way), their presence influences the land cover around 
them. Human-made dunes maintained in the northern half of the island 
for highway protection purposes and prescribed fires to avoid propa-
gation of wildfires and for improvement of habitat for shorebirds are 

Fig. 1. Study area location.  
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also dynamically changing landscape features in the refuge. 
The local sea level rise rate at Oregon Inlet Marina located 3.2 km 

north of the terminal groin has been reported by NOAA to be 4.69 ±
1.16 mm/yr. The increasing water level has the potential to erode 
beaches and re-shape the barrier island landscape. Furthermore, tropical 
and extratropical storms generate extreme oceanographic and meteo-
rological conditions that typically result in beach and dune erosion, 
dune removal, overwash, flooding (Birkemeier et al., 1984; Sciaudone 
et al., 2016) and in the most severe cases, island breaching (Kurum et al., 
2012; Velasquez-Montoya et al., 2018). Among the most severe storms 
that have reached PINWR in the past decade are hurricanes Irene 
(2011), Sandy (2012), Matthew (2016), Jose and Maria (2017), and 
Florence (2018). In between these hurricanes numerous nor’easters 
have occurred, leading to dune degradation and flooding in low-lying 
areas of the island (Overton & Sciaudone, 2018; Sciaudone & 
Velasquez-Montoya, 2019). 

Of the hurricanes listed above, the ones that led to the most signif-
icant changes in the landscape since 2011 are Hurricane Irene on August 
27, 2011 and Hurricane Sandy on October 29, 2012. Hurricane Irene led 
to a single-side storm surge in the Albemarle-Pamlico Sound, and Sandy 
led to a larger storm surge in the ocean-side compared to the sound-side 
of the island. The paths of both storms are shown in Fig. 1. Fig. 2 shows 
the differences in water levels and significant wave heights for each of 
these hurricanes. Water levels were measured at NOAA stations 
8651370 (Duck, NC) and 8652587 (Oregon Inlet Marina) and significant 
wave heights at the U.S. Army Corps of Engineers Field Research Facility 
gauge wvrdr330 at 17.4 m depth. This figure depicts the single-side 
surge on the sound caused by Irene, while Sandy led to relatively 
small surges (compared to Irene) occurring at both sides of the island. 
Note that the Duck gauge failed during Sandy and was not operational 
after 4:06 p.m. EST on October 29, 2012. [It came back online 12:00 p. 
m. EST on November 29, 2012.] 

Hurricane Irene was a high-intensity and short-duration event for the 
study area, its effects in water levels and waves lasted about two days, 
while the effects of hurricane Sandy on waves and water levels extended 
for about four days. The differences between these two hurricanes and 
their effects on the land cover on PINWR provide the opportunity to 
differentiate location, magnitude, and distribution of land cover 
changes, as well as their evolution through time. 

3. Methods 

3.1. Data 

Annual CIR images and photogrammetrically-derived Digital Eleva-
tion Models (DEM) generated by the North Carolina Department of 

Transportation (NCDOT) were available every April from 2012 to 2018 
(Table 1). These data were collected as part of a long-term coastal 
monitoring program designed to assist NCDOT in deciding when the 
planning efforts for future phases of the NC 12 transportation corridor 
should begin and to assess highway vulnerability between Oregon Inlet 
and Rodanthe, NC. The CIR images were generated with the aim to track 
vegetation cover and land cover changes, as these variables are intrin-
sically connected to the stability of the barrier island, and consequently 
to the vulnerability of the highway. The images were obtained at a flight 
altitude of 1,372 m (4500 ft) above mean ground level and have reso-
lutions of 0.15 m (0.5 ft). The DEMs have a 0.8 m (2.5 ft) resolution and 
were referenced to the North American Vertical Datum of 1988 
(NAVD88). 

While all other images were taken in April, the 2011 CIR image was 
taken in August when the coastal monitoring program started. Although 
this image is influenced by greater infrared-returns due to the fully 
developed summer vegetation, it did provide the information on the 
state of the barrier island before Hurricane Irene. Therefore, this image 
was not used for annual comparisons, instead, it was strictly used to 
assess sound-side storm effects on the island’s landscape. 

3.2. Land cover classification, mapping, and change detection 

Seven years of annual CIR imagery were used to classify the land 
cover along Pea Island. Thirteen classes were selected as the main land 
cover types that could be identified from the imagery. These classes were 
selected in collaboration with personnel from the USFWS and were 
based on the land cover types known to be present in the refuge. The 13 
classes are listed with their descriptions in Table 2. Ground validation 
was completed by comparing initial classifications with in-situ identi-
fication of sites for each class by the refuge biologist. 

All CIR images were resampled to a 2 ft (0.6 m) resolution. This value 
was chosen to speed up computational times from hours to less than 5 
min in ArcGIS while maintaining enough resolution to differentiate all 

Fig. 2. Water levels in the ocean and sound sides and significant wave heights of Hurricanes Irene (2011) and Sandy (2012) at the closest gauges to the refuge. Data 
source water levels: NOAA gauges 8651370, 8652587. Data source significant wave height: U.S. Army Corps of Engineers Field Research Facility gauge wvrdr330 at 
17.4 m depth. 

Table 1 
Dates of CIR images and DEMs.  

Year Date (MM/DD/YYYY) 

2011 08/02/2011 
2012 04/13/2012 
2013 04/13/2013 
2014 04/02/2014 
2015 04/12/2015 
2016 04/10/2016 
2017 04/13/2017 
2018 04/18/2018  
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land cover classes. The resampled CIR images were clipped using the 
polygon formed by the south end of the PINWR and the estuarine and 
oceanfront shorelines. The shoreline was digitized as the visible wet-dry 
line (i.e. high-water line) for sandy beaches. The wet-dry line is suitable 
for this application because it has a smaller horizontal displacement 
than the swash terminus (Dolan et al., 1980) and it has been proven to be 
a valid indicator of shoreline position in North Carolina (Dolan et al., 
1980; Pajak & Leatherman, 2002). It should be noted that variations in 
the beach area are influenced by the selected shoreline digitization 
method. As described in Moore (2000) and Smith and Zarillo (1990), the 
greatest error from using the wet-dry line shoreline occur due to sea-
sonal and tidal changes; to reduce such errors, the shorelines were 
digitized from aerial images taken in the same month (April) every year 
and scheduled to occur as close as possible to high tide. In the estuarine 
side where no sandy beaches are present, the edge of marsh vegetation 
was used. Land cover classification was completed in ArcGIS using 
interactive supervised classification based on training polygons digitized 
over spatially varying locations that represent each land cover class. 
This method allowed for a fast cell-by-cell raster classification based on 
classes defined by the user. Bare Sand, Estuarine Pond, Salt Flat, Shrub, 
Marsh, and Water were classified using this method. Training polygons 

were created for each annual image to avoid misclassifications that 
could result from changes in luminosity between images. Annual clas-
sifications were validated using manual interpretation at a scale of 1:3, 
000 where noise errors were corrected where present. The refuge biol-
ogist who knows the state of different land cover and ecosystems on the 
island reviewed the classification and provided feedback for every 
classification dataset. 

Seaward of the NC 12 Highway, classification was partially based on 
the supervised classification and morphological features digitized as 
polygons. The beach is the region between the oceanfront shoreline and 
the dune toe. For land cover classification purposes, the horizontal 
extent of the dunes was defined based on elevation data and transects 
separated every 150 ft (45.7 m). The dune field is the polygon defined by 
the dune toe line, the dune heel line, and the southern end of the refuge. 
The location of the dune heel was defined by the 5 ft (1.5 m) contour or 
the eastern edge of pavement, whichever is seaward (Fig. 3). These 
options were defined because in some portions of the island the road is 
located just behind the landward edge of the dune, but in other areas the 
road is farther landward from the dune field. The 5 ft (1.5 m) contour 
was chosen as the landward edge of the dune because it partially 
matches the edge of NC 12 Highway in the northern half of the island 

Table 2 
Definition of land cover classes and the habitat functions.  

ID Class (Acronym) Physical Description Species and Habitat Function 

1 Bare Sand (BS) Bare sand excluding the foredune and beach areas. Bare sand includes 
overwash fans and unvegetated portions of the island covered with dry 
sand. 

Usually unvegetated, these sandy areas contain a high shell content and 
invertebrate communities located adjacent to beaches and inlets. They 
serve as important feeding areas for shorebirds and colonial nesting 
waterbirds. 

2 Estuarine Pond 
(EP) 

Enclosed bodies of water within the island with minimal or no connection 
with estuarine water. This class does not include the three large human- 
made managed water ponds of the refuge. 

Predominantly used by wading birds, shorebirds, colonial nesting 
waterbirds, and waterfowl for feeding and resting areas. 

3 Salt Flat (SF) Estuarine areas subjected to irregular flooding by saltwater. This class 
occurs in shallow depressions where evaporation of the high salinity ocean 
water concentrates salt. These areas are very dynamic and dependent on 
changes in environmental conditions including water level, salinity, or 
sand deposition. 

These communities create resting and feeding areas for shorebirds, 
colonial nesting waterbirds, and waterfowl. Sparse cover and low diversity 
characterize the plant density and species composition. 

4 Shrub (S) Shrubs occur in a wide range of conditions from excessively to poorly 
drained soils in areas protected from salt spray and flooding by saltwater. 
These conditions may occur on stabilized sand ridges, in dune swales, and 
on sand flats. 

These woody communities include wax myrtle, red cedar, saltmeadow 
bush, yaupon, and stunted live oaks which provide nesting and feeding 
habitats for a variety of land birds and neotropical migrants. 

5 Marsh (M) Includes salt and emerging marshes. Salt marsh occurs on the margins of 
estuarine channels and the landward side of barrier island systems in areas 
under tidal influence. The brackish marsh occurs along the margins of 
sounds and estuaries in areas not subjected to regular flooding by saltwater. 
Brackish marsh is subjected to irregular flooding mostly from wind tides. 

These herbaceous plant communities are dominated by black needlerush, 
big cordgrass, and saltmeadow grass and are managed by prescribed fire 
every 3–5 years. The habitats support waterfowl, wading birds, and are 
especially important for secretive marsh birds such as rails. 

6 Vegetated Dune 
(VD) 

Vegetated dune occurs on the landward side of the dune. This class is 
exposed to salt spray and abrasive wind-blown sand. 

Dune grasses including sea oats, American beach grass, and coastal 
panicgrass, aid to stabilize shifting sands and create areas for 
invertebrates, land birds, and other wildlife. 

7 Bare Sand Dune 
(BSD) 

The unvegetated portion of dunes limited on the oceanfront by the dune toe 
and landward by the 1.5 m (5 ft) NAVD88 elevation contour or the eastern 
edge of the pavement, whichever is seaward. 

Sand and shell shelves provide important areas for foraging and nesting 
shorebirds, and colonial waterbirds. 

8 Water (W) Estuarine and ocean water. Includes large estuarine channels meandering 
in within the island. 

Important areas with submerged aquatic vegetation and/or open water for 
a variety of wildlife including waterfowl, wading birds, freshwater and sea 
turtles, marine mammals, and fish species. 

9 Groin (G) Terminal groin as visible from aerial imagery.  
10 Infrastructure (I) Paved roads, parking lots, construction sites, and buildings.  
11 Maritime Brush 

(MB) 
Growing vegetation in overwash terraces behind dunes and below the 1.5 
m (5 ft) NAVD88 elevation contour in areas subject to inundation by the 
ocean or partial burial due to wind-blown sand. Where present, this class 
supersedes beach or bare sand. 

Saltmeadow grass dominates these areas in addition to some herbaceous 
cover including seaside goldenrod, marsh pink, and blanketflower. These 
habitats are primarily used by insects, land birds, and small mammals. 

12 Managed 
Wetlands (MW) 

Human-made impoundments with borrow canals around the perimeter 
that may include open water, moist soil, exposed sand/mudflats, and 
emergent vegetation with varying amounts and management regimes. Pea 
Island National Wildlife Refuge has three impoundments: 390-acre North 
Pond, 192-acre New Field Pond, and 208-acre South Pond. 

Wetland plant communities include maritime wet grassland, shrub, salt 
marsh, and brackish marshes. Submerged aquatic vegetation including 
muskgrass, widgeongrass, and pondweed occur in areas of open water and 
are important food sources during shorebird and waterfowl migration 
periods. Open water levels are manipulated to create mudflats in spring/ 
summer for shorebird and deeper water in fall/winter for feeding 
waterfowl. Reptiles, amphibians, fish, small mammals, land birds, and 
wading birds also utilize open water, marsh, and shrub habitats (on the 
islands) in these areas. 

13 Beach (B) Bare sand between the dune toe and the wet-dry shoreline. Lower and upper beach areas consisting of sand and shell fragments are 
important for foraging and nesting shorebirds, colonial waterbirds, and 
nesting sea turtles.  
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and because it provides an objective metric for comparison among 
different dates. The location of the dune toe depends on the dune crest 
and the shoreline position at each transect. The dune toe is extracted 
based on the maximum vertical distance between the beach profile and 
the line traced between the dune crest and the shoreline (Fig. 3). 

The dune was classified as bare sand dune and vegetated dune 
depending on whether it is vegetated or not. Vegetated areas between 
the landward edge of the dune and NC 12 Highway were classified as 
maritime brush, excluding shrubs. Vegetation growing over overwash 
fans was classified as maritime brush. Other classes that were digitized 
include infrastructure, groin, and managed wetlands. Once the auto-
mated and digitized classifications were completed, visual inspection of 
the resulting land cover maps was performed at 1:3,000 scale that 
allowed correction of noise and any misclassifications that may have 
resulted from the automated process. 

Maps were used to quantify the horizontal area in hectares of each 
land cover class and its evolutional trends over the seven years of 
available data. Change detection and analysis were completed based on 
comparison of annual land cover maps via (1) map algebra, specifically 
subtraction of rasters allowed identifying the spatial location of changes 
between classes and (2) sets of color-coded quantitative matrixes, where 
changes from one land cover class to another are displayed (e.g. area 
that changed from bare sand to maritime brush from year 1 to year 2). 
These matrices are especially relevant for communication with man-
agers and decision-makers, as they provide a direct and simple approach 
to identify the most dynamic land cover classes and to quantify changes. 

In addition to tracking annual to nearly decadal changes in land 
cover, difference maps and color-coded matrixes allowed identification 
of major effects of hurricanes (e.g. overwash fans, beach and dune 
erosion, island breaches) and their evolution through time. Given that 
CIR images were provided only for April and the hurricane season takes 
place between June and November, real-color images taken prior and 
after major storms were used as the first step to identify major landscape 
changes caused by the storm itself and later evaluated via the annual CIR 
images. 

4. Results 

4.1. Land cover classification: areas and general trends 

Marshes with more than 750 ha are the dominant land cover class in 
PINWR followed by managed wetlands, shrub, bare sand dune, and 
beach (Fig. 4). While most land cover classes display a non-linear 
interannual variation, in general, they tend to remain stable within 
areas of the same order of magnitude. Linear regressions were explored 
for each class and the statistics are presented in Table 3. Estuarine ponds 
and infrastructure display increasing slight trends, each class has been 
growing at an average rate of 0.69 ha/year and 0.66 ha/year respec-
tively (Fig. 5). Infrastructure growth is known to be temporary, as bridge 
construction was underway during the study period. On the other hand, 
bare sand is decreasing at an average rate of 4.28 ha/year, managed 

wetlands are also decreasing at an average rate of 0.68 ha/year, and the 
total dune (vegetated + bare sand dune) area is decreasing by 2.13 ha/ 
year. It should be noted that refuge management created ponds behind 
the groin in the winters of 2011 and 2014 which would have decreased 
bare sand (possibly some vegetated dune) and increased estuarine ponds 
until they filled in by wind blown sand and overwash deposits. 

All land cover classes except estuarine pond and infrastructure, 
experienced significant changes between 2012 and 2013 (note peaks or 
troughs in the panels in Fig. 5); these abrupt changes are for the most 
part consequences of Hurricane Sandy, which degraded dune vegeta-
tion, caused dune overwash, and redistributed sand along previously 
vegetated portions of the island. These changes are discussed in detail in 
sections 4.3 and 4.4. Other abrupt changes in bare sand, salt flat, shrub, 
marsh, and maritime brush occurred between 2017 and 2018. The likely 
cause of these changes are three storms that impacted the Outer Banks 
during that period, including Hurricanes Jose and Maria in mid and late 
September 2017 and Winter Storm Riley in March 2018, just a few 
weeks before the CIR image was taken. 

The total annual land cover areas indicate that the area of Pea Island 
has varied within 50 ha. Such variation follows a cyclical pattern that 
does not confirm the gain or loss of the island’s area. Gain of land has 
been observed in the back-barrier (see sections 4.3 and 4.4), while east 
of the road, the variability of the position of the ocean shoreline may be 
partially attributed to the water level when the CIR images were taken. 

Fig. 3. Definition of the horizontal extent of a dune (red arrow) on a cross-shore transect and visualization of the dune toe extraction method. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Average area per land cover class.  
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To provide a spatial overview of the land cover distribution in the island, 
the statistical mode for each cell in the set of land cover maps was 
computed (shown in Fig. 6). This raster does not represent an instan-
taneous state of the island, instead, it shows the land cover class that 
occurred most often for each cell during the period analyzed. Overall, 
this map reinforces the general trends presented previously with the 
added value to include location information for each land cover class. 

Based on the analysis of individual maps and the mode map (Fig. 6), 
marshes and estuarine ponds tend to occur throughout the island, while 
other classes tend to cluster together at different locations. The patterns 
listed here with letters correspond to those shown in Fig. 6. A: Two low- 
lying regions connected to the sound are covered by salt flats in the 
northern half of the refuge; B: Although dunes form a nearly-continuous 
linear field east of the road, vegetated dunes are mostly present in the 
well-developed vegetated dune field in the southern half of the island; C: 
Bare sand (other than sand in the beach and the dunes) and maritime 
brush typically occur within 300 m of the road; D: Shrubs grow all over 
the island, however, they tend to form curvilinear-shaped clusters west 
of the road. Their presence east of the road (seaward) is restricted to the 
southern half of the refuge along the vegetated dune field, where the 
road curves landward and is generally more than 200 m from the active 
ocean shoreline. These spatial results indicate that the road running 
along the island creates a marked division between land cover classes 
and partially controls the horizontal expansion of certain classes such as 
marshes, bare sand, maritime brush, and dunes. 

4.2. Evolutional changes between land cover classes 

Change matrices were used to quantify change rates (ha/year) from 
one class to another. Although change matrices were created for every 
year, here only the median rate change matrix is presented for the sake 
of brevity (Fig. 7). Overall, the matrix indicates the successional re-
lationships between land cover classes. The island’s most significant 
change rates exceeding 50 ha/year occur from shrub to marsh and vice 
versa, followed by beach to water and vegetated dune to bare sand dune, 
both exceeding 10 ha/yr. Although this matrix highlights general 
change trends between land cover classes, caution should be used when 
analyzing these rates since changes in opposite directions also occurred 
at different locations (i.e. water to beach at a median rate of 9 ha/year 
and bare sand dune to vegetated dune at a median rate of 9.77 ha/year). 
This emphasizes the dynamic nature of the barrier island environment. 

To assist with interpretation, net flow median rates between different 
land cover classes are presented in Fig. 8. Overall, the five highest net 
median change rates were those from beach to water, from shrub to 
marsh, from bare sand to marsh, from bare sand dune to beach, and from 
bare sand to maritime brush. While such changes reiterate the spatial 
dominance and expansion tendency of marshes on the island, loss of 
beach to water and bare sand dune to beach are tangible erosional in-
dicators. This matrix allows verifying that maritime brush, which 
initially grows in unvegetated areas or overwash deposits tends to 
transition to shrub and marsh during recovery periods. 

Table 3 
Regression statistics per land cover class.  

Classes Correlation Coefficient R Coefficient of Determination R2 Standard Error Slope Intercept 

Bare Sand 0.65 0.43 11.77 − 4.28 8689.81 
Estuarine Pond 0.48 0.23 2.98 0.69 − 1367.57 
Salt Flat 0.30 0.09 13.59 − 1.81 3716.80 
Shrub 0.22 0.05 45.32 4.38 − 8635.88 
Marsh 0.18 0.03 43.86 3.38 − 5976.38 
Veg. Dune 0.32 0.10 8.32 − 1.19 2450.68 
Bare Sand Dune 0.32 0.10 6.61 − 0.94 2011.76 
Groin 0.71 0.51 0.05 − 0.02 42.48 
Infrastructure 0.67 0.46 1.70 0.66 − 1306.50 
Maritime Brush 0.20 0.04 6.58 − 0.56 1180.08 
Managed Wetlands 0.81 0.66 1.15 − 0.68 1693.25 
Beach 0.38 0.15 7.01 1.23 − 2360.73  

Fig. 5. Evolution trends per each land cover class in Pea Island. Note: Water is not included in this plot.  
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4.3. Immediate effects of hurricanes 

Due to the different paths and characteristics of Hurricanes Irene and 
Sandy (see section 2), the spatial distribution of their effects along Pea 
Island was variable. The regions where Hurricane Irene had the most 
significant effects are shown as I1, I2, and I3 in Fig. 9, while the regions 
most affected by Hurricane Sandy are shown in the same figure as S1, S2, 
and S3. 

Hurricane Irene’s path through the Albemarle-Pamlico Sound 
generated a sound-side surge that was funneled through estuarine 
channels into the back of the barrier island. The most significant change 
caused by this phenomenon was concentrated in the center and south of 
the PINWR, where ephemeral inlets developed and began changing the 
surrounding landscape (Fig. 9 regions I2 and I3). In these areas, beach, 
bare sand dune, marsh, shrub, and infrastructure were replaced by a 
channel connecting the sound and the ocean within less than 24 h. Bare 
sand deposits and new estuarine ponds and channels developed. Of these 
two island breaches, the southernmost one (Fig. 9 region I3) was closed 
by NCDOT within the right-of-way, where the road was rebuilt. The inlet 
in the middle of the refuge (Fig. 9 region I2) evolved naturally. There, 
NCDOT placed an interim bridge across the newly formed inlet to reopen 
the transportation corridor along the island. Other effects of Hurricane 
Irene include the widening of estuarine channels (Fig. 9 region I1) and 
marsh erosion along the estuarine shoreline. 

Hurricane Sandy caused ocean-side effects, including beach and 
dune erosion, degradation of dune vegetation, and overwash deposits 
(Fig. 9 regions S1 – S3). Seventeen hectares of marsh became bare sand 
via overwash fan development west of the road. Nineteen hectares of 
bare sand dune eroded and became beach. This change was mostly 
located in the northern half of the refuge, were dunes are unvegetated 
and are continuously rebuilt by NCDOT within the right-of-way by 
moving windblown and/or water-driven piles of sand off the road to 
create a protective barrier. In the northern region, overwash fans 
extended up to 300 m landward from the ocean and many of them 
coincided with the location of parking lots and sand trails used by vis-
itors and beach goers. Twenty-nine hectares of vegetated dune were 
converted into bare sand dune mostly in the southern half of the refuge. 
In the ephemeral inlet in the center of the refuge, Hurricane Sandy 
transported sediments from the beach and nearshore into the main 
channel, the flood delta, and its surrounding area. 

4.4. Post-hurricane evolution and recovery periods 

The evolution of region I1 has been driven by the enlargement of the 
estuarine channel that connects the sound with the internal salt flats on 
the island (Top row in Fig. 10). This channel was 8 m wide at its nar-
rowest point in 2011 before Irene but reached a width of 30 m in 2018 
due to bank erosion. Latest aerial images display a darker channel, 
potentially indicating that the channel has also deepened. However, 
bathymetric data is not available to confirm such change. Salt flats and 
marsh have gained space, allowing for vegetation expansion along the 
marsh edges. 

Region I2–S2 felt the effects of both hurricanes Irene and Sandy 
(middle row in Fig. 10). Hurricane Irene opened a breach that created 
space for sand deposition west of the road in the form of salt flats. By 
2013 salt flats had gained nearly 50 ha (Fig. 12). East of the highway, 
Hurricane Irene filled low areas with water creating ponds that 
remained in place until they were filled by sand transported landward by 
Hurricane Sandy. After both hurricanes, vegetated areas were degraded 
potentially due to flooding by salt water and burial by sand. By 2013, 
areas of vegetated dune, maritime brush, and shrub decreased by 75%, 
60%, and 68% relative to pre-Irene (2011) values. The 2018 data shows 
that these vegetated regions have not been able to recover to pre-storm 
values. On the other hand, bare sand, bare sand dune, and beach 
increased by 679%, 83%, and 33% between 2011 and 2013. Of these 
unvegetated classes, only bare sand went back to nearly pre-storm 

Fig. 6. Land cover classes mode (2012–2018) in PINWR.  
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values by 2018, while bare sand dune and beach continued to increase in 
size until 2015, after which they have remained relatively constant 
(Fig. 12). 

The land cover in the southernmost portion of the refuge (Region I3 
in Fig. 10) was influenced by Hurricane Irene, Sandy, and prescribed 
fires for refuge management purposes. Irene reduced the areas of shrub, 
marsh, vegetated dune, bare sand dune, and maritime brush and 
increased the areas of bare sand, estuarine ponds, and beach. Overwash 
deposits caused by Hurricane Sandy decimated any growing vegetation 
classified as maritime brush and vegetated dune. By 2017, both shrub 
and maritime brush were nearly back to pre-Irene values, however, their 
areas were reduced to less than 1 ha by prescribed fires between 2017 
and 2018. A post-Sandy beach nourishment project in the southernmost 
region of PINWR led to doubling the horizontal area of the beach be-
tween 2014 and 2015. 

Land cover evolution in the areas most affected by Hurricane Sandy 
is shown in Fig. 11. After Hurricane Sandy increased the areas with 
exposed bare sand, all vegetated classes began to recover thereafter. In 

region S1 vegetation growth on top of overwash fans was observed in 
2014 with a tendency to increase regulated by seasonal winter storms 
and nearly full recovery to pre-Irene areas by 2016 (Fig. 12). The 
overwash fan that developed on the northernmost managed wetland has 
remained in place, reducing the area of the pond, but providing more 
space for vegetation growth. Region I2–S2 gained 12 ha of marsh that 
has grown on top of the pre-existing island and over the salt flats created 
by sediment deposits when the ephemeral inlet was open. Like region 
S1, region S3 displayed significant vegetation growth on overwash fans 
by 2014. The decrease of shrub thereafter in this area is attributed to 
refuge management actions including prescribed fires, mowing, and 
invasive species management. 

Given that Hurricane Sandy hit after Hurricane Irene had already 
impacted land cover along Pea Island, the land cover has undergone 
changes caused by both storms. Some classes have displayed a 
rebounding behavior, while others began trends that have remained in 
place (Fig. 12). Bare sand, shrub, and maritime brush showed a clear 
rebound in 2016, indicating that it took nearly 4 years for the land cover 

Fig. 7. Median change rate of land cover areas (ha/year). Green cells in the diagonal of the matrix indicate the median of stable areas that remained within the same 
land cover class. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. Net median land cover change rates (ha/year).  
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to reach near pre-storm areas. On the other hand, vegetated dune 
decreased by 50% and did not show signs of recovery by 2018. Bare sand 
dune displayed erratic behavior (in some areas increased and in others 
decreased). However, it has remained relatively stable since 2013, 
without signs of rebounding to pre-hurricanes values. This behavior is 
explained by dune rebuilding within the right-of-way of NC 12. If bare 
sand dune rebuilding did not occur, bare sand dune would likely 
continue to decrease. Estuarine ponds and beach showed abrupt changes 
during the period when the hurricanes occurred, thereafter, both classes 
displayed a moderate increasing tendency. 

It should be noted that several extratropical storms as well as other 
hurricanes like Matthew (2016), Jose and Maria (2017), and Florence 
(2018) occurred during the study period. Although these hurricanes had 

effects in the Outer Banks, they are not comparable with those caused by 
Hurricane Irene and Sandy. All these storms stayed offshore, except for 
Hurricane Florence, which made landfall more than 150 km south of the 
study area. The changes in tendencies observed after 2017 for classes 
such as bare sand (increase) and maritime brush (decrease) (see Fig. 12) 
are attributable to these less intense ocean-side storms, which still 
caused small scale overwash fans. 

5. Discussion 

Similar to other barrier islands in the U.S. like Assateague Island, MD 
(Schupp et al., 2013) and Santa Rosa Island, FL (Snyder & Boss, 2002), 
Pea Island has dynamic long- and short-term land cover changes 

Fig. 9. Localized effects of Hurricane Irene (I1-3) and Hurricane Sandy (S1-3). The classes’ acronyms are: Bare Sand (BS), Estuarine Pond (EP), Salt Flat (SF), Shrub 
(S), Marsh (M), Vegetated Dune (VD), Bare Sand Dune (BSD), Water (W), Groin (G), Infrastructure (I), Maritime Brush (MB), Managed Wetlands (MW), Beach (B). 
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triggered by storms. These events typically reduce vegetation cover 
allowing for more foraging areas available for shorebirds like the 
threatened piping plover (Charadrius melodus), American oystercatcher 
(Haematopus palliatus), and colonial nesting waterbirds such as the least 
tern (Sternula antillarum). 

Although it is well-known that some areas of the Pea island are 
suffering from localized erosion (Overton et al., 1992; Velasquez-Mon-
toya et al., 2021), others have accreted along the estuarine shoreline. 
The island expanded approximately 41.7 ha in the form of salt flats and 
shoals due to the formation of the flood delta of Pea Island Breach, an 
ephemeral inlet that was actively evolving during the study period 
(Velasquez Montoya et al., 2018). This landward expansion of the island 
exemplifies the processes of barrier island transgression via inlet pro-
cesses discussed by Armon and McCann (1979); Leatherman (1983); 
Nienhuis and Lorenzo-Trueba (2019); and Rosati and Stone (2009). 
Some of the challenges of defining the total area of a dynamic barrier 

island have been addressed by Yang et al. (2012), thus, rather than 
quantifying the area of the barrier island, this study addresses the 
variability and evolution of the land cover in the system. 

Similarly, the digitization method for the shoreline position has a 
subjective component that could result in relatively small local errors in 
a microtidal environment, but those errors could add up in the quanti-
fication of the beach area. Potential areas of improvement for this work 
include testing objective shoreline detection methods based on elevation 
data and image classification techniques as proposed by Boak and 
Turner (2005). Expanding estuarine ponds and loss of beach can be 
considered indicators of the effects of sea-level rise on the island’s 
ecosystems. However, it is outside of the scope of this study to fully 
correlate sea level rise with land cover changes. 

Our results indicate that bare sand areas created by overwash fans 
have a life cycle of about 4 years, after which vegetation cover rebounds. 
Although this period can vary depending on the number of storms that 

Fig. 10. Post-Hurricane Irene land cover evolution.  
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hit a coastal region in any given year and their severity, as well as human 
interventions, it agrees with results of Kilheffer et al. (2019) at Fire Is-
land, NY, who reported vegetation coverage expansion in overwash fans 
created in 2012 by Hurricane Sandy within 3 and 4 years. More 
long-lasting potential habitat for shorebirds was created by the barrier 
island breaching event triggered by Hurricane Irene in 2011, which 
expanded the availability of salt flats and bare sand on the sound side 
that remain in place almost a decade after the event. While in-
vestigations into habitat use patterns and chick survival on PINWR are 

ongoing, other work has identified bayside intertidal flats created by an 
ephemeral inlet and early successional areas as fundamental nesting 
habitats (Zeigler et al., 2019a, 2019b) and important areas for chick 
survival for shorebird species (Cohen et al., 2009). 

In the context of ocean-vs. sound-side storms, land cover changes 
caused by sound-side storms appear to have longer duration effects on 
barrier island morphology and land cover than ocean-side storms. 
Although most category 1–5 hurricanes and nor’easters that hit the 
Outer Banks tend to remain on the ocean side, their effects on island land 

Fig. 11. Post-Hurricane Sandy land cover evolution.  
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cover and morphology are typically mitigated by human activities to 
protect near-beach and oceanfront infrastructure. This is the case on Pea 
Island with NC 12 Highway running along the island, where bare sand 
dunes are rebuilt by NCDOT within the right-of-way and beach nour-
ishment projects have taken place (the most recent one in 2014, during 
the time frame of this study). On the other hand, sound side storms can 
result in abrupt localized changes in the barrier island, which typically 
coincide with locations of historical inlets, estuarine channels, narrow 
island width, and areas of bare sand dunes that have been heavily 
eroded (Velasquez-Montoya et al., 2021). Investigating the effects of 
hurricanes and their recovery periods on barrier islands can help pri-
oritize conservation management goals and identify habitat restoration 
needs. Understanding the distribution of land cover and their changes 
over time can greatly inform coastal regions and several U.S. National 
Wildlife Refuges. 

It should be noted that although PINWR is for the most part unde-
veloped, there are numerous anthropogenic influences on the refuge 
that impact land cover evolution and are not specifically differentiated 
here. Some examples include the presence of a highway, dune creation 
and maintenance, prescribed fire, managing the three large ponds in the 
northern half of the refuge, pond creation in the pocket of the terminal 
groin, and recreation activities. Regarding the latter, visitors are pro-
hibited from driving on the beach, but their use of parking lots (paved or 
not) leads to sand trails through the dunes and marshes, which create 
regions of decreased vegetation. Studies in South Carolina by Purvis 
et al. (2015) and in the Mediterranean by Ciccarelli (2014), suggest that 
sand surface paths degrade vegetation cover and create areas prone to 
erosion. All the aforementioned anthropogenic influence in land cover is 
considered a regular process part of the system. Thus, this study provides 
a generalized overview of land cover evolution due to both natural and 
human processes that have occurred in nearly a decade. 

6. Conclusions 

This study defined and quantified 13 land cover classes and changes 
at a barrier island scale and identified the effects of hurricanes in coastal 
ecosystems and their recovery periods. While most land cover classes 
display a non-linear interannual variation, maps and colored-change 
matrices were used to quantify changes and relationships between 
land cover classes (e.g. change from one class to another). Such methods 
allow us to conclude that marshes and shrubs tend to expand west of the 
road, while east of the road, loss of beach to water and bare sand dune to 
beach depict erosional behavior. Management practices at the refuge by 
USFWS to protect and conserve wildlife resources and NCDOT to 
maintain a transportation corridor partially control the horizontal 
expansion of certain ecosystems and landscape features such as marshes, 
bare sand, maritime brush, and dunes. 

Immediate storm effects on land cover and their post-storm evolution 
were analyzed by identifying regions where Hurricanes Irene (2011) and 
Sandy (2012) caused significant changes. Having two storms with 
sound- and ocean-side tracks within the study period allowed us to 
differentiate the potential storm-induced land cover changes at both 
sides of the island. Our results indicate that storms with offshore tracks 
have a recurrent effect in the land cover near the ocean side and regulate 
the growth and expansion of maritime brush via overwash deposits. 
After bare sand is redistributed on the island by ocean side storms, 
maritime brush can re-establish over sand deposits within approxi-
mately 4 years. Hurricanes with a sound-side track, although less 
frequent, can result in morphological changes to the barrier island that 
modify and create new ecosystems in the form of salt flats in the back- 
barrier region. Such ecosystem can remain in place for more than 7 
years. 

Given the dynamic creation and evolution of ecosystems in coastal 
regions, the duration of storm effects in barrier island’s land cover 
should be considered in the design of adaptive management strategies 

Fig. 12. Land cover evolution in the regions most affected by Hurricanes Irene and Sandy.  
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that allow for natural changes to occur while maintaining management 
goals for land and infrastructure. Some examples of such strategies used 
in the PINWR include letting nature take its course in breaching- and 
flooding-prone regions by placing temporary bridges, road realignment 
through extended bridges, and elevating buildings. Where infrastructure 
relocation is not an option, management decisions should balance the 
benefits of habitat creation by storms and infrastructure needs. 

The approach to quantify annual and storm-driven land cover 
changes at a barrier island scale presented here is replicable in other 
coastal regions and could especially benefit locations lacking data 
driven decision making. However, this approach is only feasible if sys-
tematic monitoring programs are in place. In regions where such pro-
grams are scarce, annual or near-annual aerial CIR images, as well as 
pre- and post-storm images, could be obtained from unmanned aerial 
vehicles or satellites. As datasets are built, consultation with local 
managers should inform land classes identification as well as validation 
of mapping results. As the temporal coverage of the datasets grows, 
assessment of decadal and long-term land cover changes could provide 
insights on systems’ response to sea level rise, change in storm activity, 
and anthropogenic interventions. 
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