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Executive Summary: 2020 Update Report 

Implemented by the N.C. Department of Transportation (NCDOT) in 2011, the primary purpose of the 

Coastal Monitoring Program is to assess highway vulnerability between Oregon Inlet and Rodanthe and 

is a condition of the 2010 Record of Decision (ROD) for the NC 12- Replacement of the Herbert C. Bonner 

Bridge. The program is conducted in conjunction with the U.S. Fish and Wildlife Service, providing data 

to aid in habitat management decisions within the Pea Island National Wildlife Refuge. This report 

presents detailed monitoring data for the 2020 study year. Conditions throughout the year are 

compared to conditions in the prior year (2019) and baseline conditions (2010).  

This executive summary provides a brief overview of the report results. 

Highway Vulnerability 

The primary indicators of highway vulnerability considered are: 1) distance from ocean to estuarine 

shoreline (island width), 2) dune crest elevation less than 10 feet above the NC 12 centerline, and 3) 

ocean shoreline within 230 feet of the edge of pavement. Though single indicators were found at 

multiple study transects, four primary locations of concern based on multiple indicators were identified: 

 the Canal Zone just north of the freshwater ponds (primarily dunes and 230-foot buffer, some 

transects with island width as well);  

 near the Pea Island Visitors Center between the northernmost and middle ponds (dunes, 230-

foot buffer); 

 the area just south of the Pea Island Breach (island width, dunes); and  

 the S-Curves in northern Rodanthe (island width, dunes, 230-foot buffer).  

These four areas have previously been identified as areas of concern, with the Pea Island Breach and S-

Curves locations showing consistent vulnerability throughout the study timeframe. The Pea Island 

Visitors Center, which has suffered from erosion of the beach and dunes, was first identified in 2017. 

Morphological Indicators 

The status of other morphological indicators included in the monitoring program as of 2020 are as 

follows: 

 Dune crest (maximum elevation at each study transect): Elevations were highly variable during 

2020 with especially large changes in the Canal Zone. Changes in elevation can be attributed to 

wind and water transport (decreases) and human intervention/earth moving operations 

(increases).  

 Dune toe position and elevation: On average, the October 2020 dune toe position was similar 

to that determined in 2019. The average dune toe elevation was 9.5 ft, slightly higher than the 

average in 2019 of 9.45 ft. 

 Beach width: The beach width as of October 2020 was slightly wider on average across the 

study area than that observed in October 2019 (142 ft vs. 130 ft). Beach widths in most of the 

area within the Rodanthe beach nourishment project have receded to pre-project conditions. 

 Erosion resistance volume (volume of beach above mean high water from edge of pavement 

to ocean shoreline): The trend for the study area was slight volume decrease since 2019 with an 

average decrease across the full study area of approximately 1.6 cy/ft since October 2019 (for 
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reference, a dump truck can hold 10 cy). In 2020, profile volumes increased in the northern part 

of the beach nourishment area, remained relatively stable near mile 11.5, and increased slightly 

towards Rodanthe. As of October 2020, an average of 14.2 cy/ft more than the April 2014 pre-

project conditions remained in the study area. Overall, since the baseline report (2010), the 

erosion resistance volume shows a net decrease over the entire study area of 1.5 M cy as of 

October 2020, despite the addition of 580,000 cy of dredged material disposal in 2013 and 1.3 

M cy of sand during the beach nourishment project in 2014. 

Vegetation and Land Cover/Habitat 

 Habitat Mapping: Color Infrared (CIR) images were used to create habitat maps for Pea Island in 

2020. Habitat classification maps indicate that dominant habitat classes on Pea Island are 

marshes, managed wetlands, shrub, bare sand dune, and beach. The largest changes observed 

in 2020 were from marsh to shrub, shrub to marsh, and from beach to water 

 Habitat Modeling: Updated change rate matrices for 2012 to 2020 were used with the Stella 

modeling software to model habitat/land cover changes from 2012 to 2035. Storm scenarios 

were developed for both oceanside and soundside storms and used in scenario testing. Overall 

in the long term, prediction methods indicate that areas of bare sand, salt flats, bare sand dune, 

maritime brush, managed wetland, and total dune tend to decrease by 2035, while marshes 

tend to increase. The storm scenarios show that both oceanside and soundside storms tend to 

cause a short-term increase in bare sand and a decrease in marsh, as well as a decrease in 

vegetated dune and corresponding increase in bare sand dune. The soundside storms increased 

salt flats. In all scenarios, the overall island acreage and total dune acreage decreased over the 

entire time period. 

Erosion Rate and Shoreline Predictions 

A summary of the erosion rate and shoreline prediction analyses is provided. 

 Erosion rate: Long-term erosion rate trends remain similar to those reported in previous years: 

o Accretion is observed in the first 0.8 miles (Transects 170-200 approximately), with 

relatively low (<+/- 2 feet/year) rates of erosion and accretion south to mile 3. 

o Erosion with rates ranging between 5 and 10 feet/year is observed from miles 3 to 7. 

o A stable to slightly accreting area exists along miles 8 and 9, where the highly vegetated 

dune field is in place. 

o Higher rates of erosion on the order of 11-12 feet/year are observed from miles 10 

south into Rodanthe. 

o Slightly lower rates of erosion exist near the Rodanthe pier. 

 Current/5-Year Vulnerability: Currently, a section in the Canal Zone, a section adjacent to the 

north pond and Pea Island Visitors Center area, a narrow region just south of the wide dune 

field area, and the Rodanthe/S-Curves section had shorelines observed within the 230-foot 

buffer. Two sections spanning the currently vulnerable area in the narrow section north of 

Rodanthe as well as sections north and south of the currently vulnerable S-Curves section were 

predicted to be vulnerable within 5 years. These sections are illustrated in Figures 30 to 35. 

 2030 Predicted Shoreline: By 2030, the high-erosion shoreline position reaches the 230-foot 

critical buffer in multiple locations, including the Canal Zone, near the Visitors Center along the 
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center of the freshwater ponds, immediately north and south of the Interim Bridge at the Pea 

Island Breach, and in northern Rodanthe. These sections are illustrated in Figures 36 through 41. 

 2060 Predicted Shoreline: The 2060 high-erosion and average shorelines reach the critical 

buffer along a stretch of NC 12 in the Canal Zone south of Oregon Inlet. Near the Visitors Center 

and adjacent to the Pea Island Breach, even the low-erosion 2060 shoreline moves landward of 

NC 12 in some areas. Just south of the ponds, the low-erosion 2060 shoreline is within the 

critical buffer area, and the average-erosion shoreline approaches the road. South of that 

section, all predicted shorelines lie east of the buffer for approximately three miles until a 

narrow section north of Rodanthe where the high erosion predicted shoreline transitions to a 

position landward of NC 12, with the average predicted shoreline near the road. All predicted 

shorelines are landward of the road from that area south to the northernmost portion of 

Rodanthe. The 2060 shorelines are illustrated in Figures 43 through 48. 

Breaches 

The locations of the Pea Island and Rodanthe breaches (formed in 2011) continue to be monitored, with 

results as indicated: 

 Pea Island Breach: The Pea Island Breach was closed for all of 2020, with the most seaward 

shoreline position measured in February 2020. The most landward shoreline position was 

observed in April, due to elevated water levels. 

 Rodanthe Breach: The most seaward positions in this area were observed in February and 

August 2020. The April and June shorelines were generally the most landward shoreline 

positions observed.   

Storms 

 The most severe event in 2020 was the combination of Hurricanes Sally and Teddy in September 

2020, which created storm conditions for 124 hours and road closures for a period of 4 days 

with hazardous conditions persisting for 10 days (inclusive of the 4 days of closures) according to 

the NCDOT Traveler Information Management System. 

 The Traveler Information Management System data for 2020 indicated that hazardous 

conditions or closure along NC 12 in the study area occurred for a total of 22 days in 2020.  

USACE Dredging 

 USACE dredging operations data for 2020 were not available at the time of this report. 

Maintenance Expenses 

 Maintenance expenses in 2020 totaled approximately $1.3 million with most of the expenses 

related to sand removal.  
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Terminal Groin Monitoring 

The long-term terminal groin monitoring methodology was changed in 2017 to include a new protocol 

for determining the historical and project erosion rates. The historical rate is now determined as a linear 

regression of shoreline positions between October 1968 and October 1988. The project rate is 

determined as a linear regression of shoreline positions between August 1992 and December 2018. 

These new rates are used with the same methodology as previous reports to determine the one mile 

and three mile volume changes. 

 Terminal Groin Monitoring: As of December 10, 2020, the project erosion rates are much less 

than the historical rates in the first three miles of the study area, and the project erosion rate 

does not exceed the historical rate at any point in the first six miles south of the Oregon Inlet 

terminal groin. The one and three mile volume calculations are well below that which would be 

expected using the historical rate. In summary, the construction of the groin does not appear to 

have caused an adverse impact to the shoreline over the six-mile study area. 

Physical and Biological Monitoring 

NCDOT provided physical and biological survey results which are summarized as follows: 

 Physical and Biological Condition of the Beach Sand: Sand sampling was conducted quarterly 

(generally in January, April, July, and October) along 64 transects beginning 0.1 miles south of 

the terminal groin and continuing south every 0.2 miles to the southern terminus of the PINWR. 

Benthic organisms, grain size, slope and compaction, and heavy mineral content were analyzed. 

o Beginning in 2019 data were analyzed with a cubic function rather than a linear 

function. This function indicates an inverse relationship between grain size and species 

abundance.  

o Generally, grain size distributions across the study area were as expected with seasonal 

and long-term variations. The data also indicate that major storms have an influence 

over benthic numbers, but these numbers recover over time. 

o Beginning in 2018, the Canal Zone, New Inlet/Pea Island Breach, and Rodanthe S-Curves 

areas were analyzed separately to see if these areas were exhibiting any changes that 

may have been masked by the overall island analysis. When these areas were analyzed 

separately, the data indicated seasonal and long-term variation similar to that of the 

overall analysis. The 2020 data still indicates a strong inverse relationship between grain 

size and average abundance within the Pea Island Breach area, although the weaker 

inverse relationship has become a direct relationship within the Canal Zone and the 

Rodanthe S-Curve is beginning to show an inverse relationship between grain size and 

average abundance of species. The Inlet area’s average grain size, for the first time since 

2014, did not exceed 1.00mm. As the average grain size began to fall the average 

abundance began to rise. Summer of 2020 was the first survey that recorded an average 

grain size of over 1.00mm (1.08mm). This peak in the average grain size did not affect 

the rising average species trend. The average grain size at the Rodanthe S-Curve ranges 

from 0.91 to 1.16 in 2020. This rising trend in grain size was in correlation with a falling 

trend in the average abundance of species. 
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 Submerged Aquatic Vegetation (SAV) – Bonner Bridge Project Area: 

o The SAV and marsh monitoring program for the Bonner Bridge included delineation of 

SAV and marsh cover from aerial imagery collected in May and September of 2019 and 

2020. The 2020 imagery series allows change analyses of SAV and marsh cover after the 

demolition of the Bonner Bridge in comparison to the 2019 imagery series that was 

taken before the completion of the bridge demolition. 

o Bonner Bridge was completely removed before the May 2020 flight monitoring, 

resulting in a higher acreage of marsh area for both the May and September 2020 

surveys in comparison to the 2019 survey. 

o SAV coverage increased from 2019 to 2020, with May 2019 coverage 5.29 acres and 

May 2020 coverage 7.05 acres; September 2019 coverage was 4.52 acres and in 

September 2020, 6.9 acres were observed. It is noted that shadows on the 2019 imagery 

may have obscured some of the existing SAV. 

 Submerged Aquatic Vegetation (SAV) – Rodanthe Bridge Project Area: SAV monitoring began 

in May 2018 and was repeated in spring and fall through September 2020. Monitoring was 

performed using field-based sampling as well as delineation from aerial imagery. Field surveys 

included Braun-Blanquet quadrat surveys and line intercept surveys.  

o Overall SAV coverage from the aerial imagery interpretation indicates that cover has not 

fluctuated substantially among surveys beyond what can be readily attributed to 

seasonal variation. 

o The BBL quadrat data, collected along transects irrespective of seagrass presence (areal 

cover) revealed a mean percent cover per survey ranging from a low (grand mean) of 

15.9% (SD = 1.9) in Spring 2019 to a high of 35.2% (SD = 2.4) in Spring 2018 (Table 2). 

SAV cover did not change appreciably from Spring to Fall in 2018 yet declined by over 50 

percent in Spring 2019. By Fall 2019, cover had returned to levels in 2018. Cover during 

the Spring and Fall 2020 surveys were lower compared to 2018, but similar at (grand 

mean) 24.4% (SD = 3.4) and 21.7% (6.8), respectively. 

 Submerged Aquatic Vegetation (SAV) – Bonner/Basnight Bridge Seagrass Mitigation Site: 

During visits to the site, scientists have consistently observed that the Bonner Bridge Seagrass 

Mitigation Site was composed of patchy seagrass habitat consisting of multiple species including 

Z. marina, H. wrightii, and R. maritima. Very fine sand (visual observation) sediments has 

consistently been the dominant substrate type observed. 

o  Comparisons of reference-adjusted gains and losses in acreage and percent cover by 

energy zone showed an average monthly increase of 0.19 acres between August 2018 

and November 2020. Over this time, 3.75 acres of seagrass were added or preserved to 

contribute to ecological functions. 

o The wave-break structure is generally functioning as intended and is facilitating a 

seasonally-variable, but positive, increase in SAV cover. 
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1. INTRODUCTION 

In December 2010, the Federal Highway Administration (FHWA) issued a Record of Decision (ROD) for 
TIP Project B-2500, which includes the replacement of the Bonner Bridge and a long-term solution for 
NC 12 between Oregon Inlet and Rodanthe. The Selected Alternative for Project B-2500 is the Parallel 
Bridge Corridor with NC 12 Transportation Management Plan (NC 12 TMP). As explained in the ROD, a 
component of the NC 12 TMP is a detailed coastal monitoring program that is designed to assist the 
agencies in deciding when the planning efforts for future phases of the Project B-2500 should begin. The 
coastal monitoring program includes detailed annual monitoring reports that summarize data collected 
by the N.C. Department of Transportation (NCDOT) and other agencies. 

The study area for the coastal monitoring program includes both the study area of the existing terminal 
groin monitoring program (developed in conjunction with the U.S. Fish and Wildlife Service [USFWS], per 
the permit issued in June 1989) and the TIP Project B-2500 study area. The coastal monitoring program 
study area begins just over five miles north of the Oregon Inlet Marina and extends approximately 13 
miles south of Oregon Inlet to the community of Rodanthe. The highway vulnerability analyses focus on 
the section of NC 12 between Transect 170 (Old Coast Guard Station, mile 0) and Transect 632 in the 
northern part of Rodanthe (mile 13.1). The study area includes the entire width of Hatteras Island 
between the ocean and estuarine (soundside) shorelines. 

In August 2012, a new easement (permit) for the terminal groin monitoring was signed. The results of 
the terminal groin monitoring required as a condition of the 2012 easement are included in the annual 
coastal monitoring report. Any updates or changes in the terminal groin analysis methodology have 
been developed in consultation with the U.S. Fish and Wildlife Service (USFWS) and are described in this 
report.  

The present report describes the data collection and analysis completed to update the conditions during 
the calendar year 2020. Conditions throughout the year are compared to the conditions reported in the 
2019 Update Report, herein referred to as the 2019 report. General comparison of current erosion rates 
and composite vulnerability to baseline conditions (established in the Baseline Report, conditions as of 
January 14, 2011) are also presented. The erosion rates for the area have been updated with new 
shoreline position data through December 10, 2020. In addition, all assessments performed under the 
new terminal groin easement have been updated through December 10, 2020. 

The reports generated in conjunction with the NC 12 TMP coastal monitoring program are intended to 
meet the requirements for both TIP Project B-2500 and the easement issued in 2012 for the retention of 
the Oregon Inlet terminal groin.  

2. DATA COLLECTION AND METHODOLOGY 

The key parameters used for monitoring of the extended Oregon Inlet study area are: 
• Ocean shoreline location; 
• Estuarine shoreline location; 
• Distance from ocean to estuarine shoreline; 
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• Island elevation; 
• Dune crest location and elevation; 
• Beach volume above mean high water, between eastern edge of pavement and ocean shoreline; 
• Dune vegetation coverage; 
• Land cover/habitat mapping (first presented in the 2017 update); and  
• Erosion rate and road vulnerability. 

The data used for this update is detailed in Table 1. Figure 1 shows the extent of the coastal monitoring 
program transects, and Table 2 lists the location of the transects corresponding to various landmarks 
along the study area. Transects 0 to 381 were the original transects established for purposes of 
monitoring the Oregon Inlet terminal groin. Transects are spaced 150 ft apart. 

In August 2011, NCDOT implemented a new orthophotography flight schedule (in agreement with the 
USFWS),  replacing the former terminal groin flight schedule (six times annually) with a new schedule 
that includes flights of the entire B-2500 study area four times annually (February, April, August, and 
October). The new photography is obtained at a flight altitude of 4500 ft Above Mean Ground Level 
(AMGL) and ground controlled in order to achieve +/- 0.5 ft accuracy (pers. comm. Rob Allen, NCDOT 
July 15, 2013). NCDOT generates topographic data from these lower elevation orthophotos. In June and 
December, NCDOT continues to fly the entirety of Hatteras and Ocracoke Islands, including the B-2500 
study area, at 7500 ft AMGL but does not generate topographic data from these photos. Orthophotos 
from all six flight dates are used for shoreline delineation (oceanfront and soundside) and are used in 
the analysis of shoreline change. Parameters requiring elevation data (dune crest elevation, for 
example) are evaluated only at the February, April, August and October dates. Since 2013, color infrared 
(CIR) photography has been provided once per year (generally in April) to assist with identification of 
vegetation density and habitat classification. 

 

Table 1. Orthophotos and topographic data used for 2020 monitoring update. 

Date of 
Orthophotography 

Topographic 
Data 

Available 
Data Source Notes 

2/4/2020 Yes NCDOT  
4/2/2020 Yes NCDOT CIR photographic data also 

provided 
6/1/2020 No NCDOT  

8/26/2020 Yes NCDOT  
10/5/2020 Yes NCDOT Clouds present in southern part of 

study area; transects 620-632 were 
not able to be analyzed 

12/10/2020 No NCDOT  
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Figure 1. Coastal monitoring program with study area transect extents. 
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Table 2. Study area landmarks and corresponding transect numbers. 

Transect 
Number 

Miles from 
Transect 170 

Location Description 

-67 -6.7 Northernmost transect of study area (Bodie Island) 
-35 -5.8 South Old Oregon Inlet Road 
89 -2.3 Oregon Inlet Marina 

150 -0.5 Bonner Bridge Navigation Zone - Midpoint 
156 -0.4 Tip of Terminal Groin 
170 0 Old Coast Guard Station 
254 2.4 Northernmost Dike of Ponds 
307 3.9 Pea Island National Wildlife Refuge Visitor Center 
378 5.9 Southernmost Dike of Ponds 
399 6.5 Oceanside Refuge parking lot 
410 6.8 Soundside Refuge parking lot 
578 11.6 Southernmost boundary of Refuge 
604 12.3 Rodanthe Ferry Terminal 
632 13.1 Southernmost transect of study area (Rodanthe Pier) 

As detailed in the following sections, additional data on NCDOT roadway maintenance activities, other 
projects in the study area, and data from other federal and state agencies were also used in this 
analysis. Physical and biological monitoring has been conducted by NCDOT. Appendix A of this report 
includes submerged aquatic vegetation (SAV) monitoring at the Bonner/Basnight bridge area and 
Rodanthe bridge area and monitoring of the conditions of the beach sand. 

Appendix B includes the Outside Agency & University Research Literature Review: Annotated 
Bibliography which was completed as part of the research project. This annotated bibliography includes 
research published from January 2015 to January 2021 and in the disciplines of engineering, geology, 
biology, and environmental science. Reports released by state or federal agencies during this period 
were gathered as well. Appendix C includes an update on the habitat modeling efforts; habitat mapping 
updates are included in the body of the present report. Appendix D includes published papers and 
posters that were completed as part of this research effort. Appendix E details habitat restoration 
actions undertaken in 2020.

The methodology used to analyze the data collected is described in the following sections. Detailed 
monitoring of the barrier island morphology is being undertaken along with examination and 
exploration of indicators of current and future vulnerability of the road. 

Ocean and Estuarine Shorelines 

The ocean shoreline was digitized for each of the six full study area orthophoto dates (Table 1). The 
shoreline is represented as the visible wet-dry line for sandy beaches (primarily on the ocean side), and 
the limit of the marsh vegetation is used to represent the estuarine shoreline (where the estuarine 
shoreline is sandy, the wet-dry line is used). Estuarine shorelines were updated for each date using the 
previous estuarine shorelines as a starting point. The estuarine shoreline has not been observed to 
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change significantly over the two-month intervals between photo dates, with the exception of the areas 
closest to the Pea Island Breach and just south of the new Basnight (Oregon Inlet) Bridge. Because of the 
limited extent of changes in the estuarine shoreline, it is determined for each date using the following 
methodology:  

• The previous shoreline (2 months prior) is displayed on the current orthophoto. (For example,
the December estuarine shoreline is generally displayed on the February orthophoto.)

• Visual inspection of the digitized shoreline relative to the photo identifiable shoreline is made at
a scale of 1:1200, and the digitized shoreline is corrected to the most recent orthophoto as
required.

The methodology for determining the ocean shoreline is as follows: 

• The ocean shoreline is digitized directly from the orthophoto for each date (without comparison
with previous shorelines). It is identified as the visible wet-dry line (location where a noticeable
darker line of saturated sand is observed). The wet-dry line (also known as the high water line) is
used because it has a smaller horizontal displacement than the swash terminus, thus it is more
suitable for long-term shoreline change analysis (Dolan et al. 1980).

• Visual inspection of the image at a scale of 1:1200 is made and the wet-dry line is manually
digitized and reviewed.

The distance from the ocean shoreline to the estuarine shoreline was evaluated at each transect for the 
February 4, April 2, June 1, August 26, October 5, and December 10, 2020 orthophotography. It is noted 
that due to cloud cover in the October 5 photography, the transects in the southernmost part of the 
study area were not able to be analyzed. Exclusively interior channels and ponds were not considered to 
be a part of the estuarine shoreline for this analysis. In some cases, the island extended past the first 
intersection with the estuarine shoreline. In these cases, the distance to the first intersection was used. 

As described in the 2011 report, the original study methodology included identifying the smallest 10% of 
the distances from ocean to estuarine shoreline (in the baseline report); this methodology has changed 
to an assessment of the locations where that distance was smaller than 1000 ft (in all subsequent 
reports). Island width is considered to be a vulnerability indicator for island breaching, and 1000 ft was 
selected based on the island widths at the locations of breaches caused by Hurricane Irene in August 
2011. In the present report a width of 1000 ft is used to assess breaching vulnerability. 

Island Elevation and Dune Morphology 

Photogrammetrically derived digital terrain models from the February 4, April 2, August 26 and October 
5, 2020 flights were used to evaluate island elevation and dune morphology. The digital terrain models 
include spot elevations, breaklines, and contours provided by NCDOT. These are imported into ArcGIS 
for further analysis. Island elevation values were extracted across each transect for each date at each 
transect using GIS tools.  
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Dune Crest/Maximum Elevation between NC 12 and Ocean Shoreline 

A profile-based assessment of the maximum elevation between the eastern edge of pavement of NC 12 
and the ocean shoreline was performed. The maximum elevation is then used to evaluate the potential 
vulnerability to wave action and overwash. The maximum elevation between the edge of pavement and 
shoreline is compared with the road elevation at each transect. Where the maximum elevation is less 
than 10 ft above the road, there is considered to be an increase in vulnerability.  

 

Dune Toe Position and Elevation 

In addition to the evaluation of maximum elevation between the road and the shoreline, identification 
of the dune toe position and elevation was conducted and reported for the last topographic data set 
available for the 2020 study year, associated with the October 5, 2020 photography.  

To identify the dune toe, a partially automated algorithm was used. For initial dune toe identification, a 
straight line between the maximum profile elevation and the shoreline was drawn, and the maximum 
difference between this line and the profile elevation was identified as the toe (see Figure 2). However, 
in some cases the automatically extracted toe was either not suitable, or no significant dune was 
present on the profile. This led to the development of an inspection method where the user views the 
profile at each transect, and can either accept or replace the estimated dune toe, or identify a profile as 
having no visible dune feature. For profiles identified as “no dune,” the dune toe elevation and position 
were not reported. 

 

Figure 2. Schematic of dune toe identification methodology. Ocean shoreline is at horizontal position 
zero. 

 

 

Distance from ocean shoreline (ft) 
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Beach Width 

Dune toe identification also allows for assessment of the beach width. For this study, beach width is 
defined as the distance from the dune toe to the ocean shoreline. Beach width is important because for 
wide beaches under typical daily conditions, the dune system is unaffected by wave action and can build 
due to accumulation of wind-blown sand. Under continual erosion, the beach narrows and steepens, 
allowing more frequent impact of waves on the dune face and transitioning to an eroding dune system.  

In this study, beach widths less than 100 ft are considered to contribute to vulnerability of adjacent 
dune fields and therefore to the highway vulnerability. Where beaches are less than 100 ft wide, 
elevated water levels and high waves during typical nor’easter storms can impact the dunes, reducing 
dune volume and height. If these conditions exist in areas where the total distance from edge of 
pavement to shoreline is greater than 230 ft, the narrow beach width and loss of the dune make the 
road increasingly vulnerable to direct wave impact and/or flooding during storm events. 

Beach Volume above MHW from Edge of Pavement to Shoreline 

The digital terrain models from the February 4, April 2, August 26, and October 5, 2020 flights were also 
employed to compute the volume of beach material between the NC 12 edge of pavement (EOP) and 
the ocean shoreline located at the mean high water (MHW) elevation at each transect. Mean high water 
was determined at the center of the study area using the VDATUM tool developed by NOAA (NOAA 
2012). The MHW elevation was estimated at 1.14 ft NAVD 88. The elevations along each transect were 
extracted from the edge of pavement seaward using GIS tools. These elevations were then imported 
into the USACE’s BMAP (Beach Morphology Analysis Package) program. Volume above the 1.14 ft 
contour was computed in BMAP and is reported as cubic yards per ft alongshore (schematic shown in 
Figure 3). Computed volumes were compared with previously reported values. It is noted that the Edge 
of Pavement (EOP) reference line for the beach volume was adjusted to account for roadway location 
changes as detailed in Appendix B of the 2019 report. These changes affected reported beach volumes 
at Transect 376-404 adjacent to the interim bridge at the Pea Island Breach and Transects 513 to 526 
adjacent to the northern end of the under-construction Rodanthe bridge. 
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Figure 3. Schematic of unit volume computation. The cross sectional area between the horizontal 
position of the mean high water (MHW) contour and the edge of pavement (EOP) is calculated as 
shown, and then converted to unit volume in cubic yards per ft assuming a 1 ft wide profile.   

 

Land Cover/Habitat Mapping 

As part of the requirements of the 2012 easement, work has been ongoing to map and model habitat 
changes within the Pea Island National Wildlife Refuge (PINWR). Initial efforts were undertaken in 
collaboration with representatives of the PINWR to create land cover maps for the years 1998 and 2015, 
based on available color infrared (CIR) photography and were described in the 2017 report. In 2018, this 
effort was expanded and maps were created for each of the years, 2012 to 2018, as described in 
Appendix B of the 2018 report. The land cover/habitat mapping replaces the vegetation analysis 
described in reports prior to 2018, as agreed by representatives of USFWS and NCDOT. The present 
report continues the methods initially described in Appendix B of the 2018 report to map the land 
cover/habitat for the April 2, 2020 color infrared imagery. These methods are described below. 

The CIR image was resampled to a 2 ft (0.6 m) resolution. This value was chosen to speed up 
computational times in ArcGIS, while maintaining enough resolution to differentiate all habitat classes. 
The resampled image was clipped using the polygon formed by the south end of the PINWR and the 
estuarine and oceanfront shorelines.  

Thirteen habitat classes were identified as the main habitats that could be classified from the CIR 
imagery. These classes were selected in collaboration with personnel from the U.S. Fish and Wildlife 
Service (USFWS) and are based on the habitat types listed on the PINWR website 
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<http://www.fws.gov/refuge/pea_island/wildlife_and_habitat/habitat_types.html>. The 13 classes are 
listed with their descriptions in Table 3.  

Habitat classification was completed in ArcGIS using interactive supervised classification based on 
training polygons digitized over spatially varying locations that represent each habitat class. This method 
allows for a fast cell-by-cell raster classification based on classes defined by the user. Habitat classes 
such as Bare Sand, Estuarine Pond, Salt Flat, Shrub, Marsh, and Water are automatically classified using 
this method.  

Seaward of the NC 12 Highway, classification is partially based on the supervised classification and 
morphological features digitized as polygons. The Beach is the region within the oceanfront shoreline 
and the dune toe. For habitat classification purposes, the horizontal extent of the dunes is defined based 
on elevation data and transects separated every 150 ft. 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 is 
the defined by the 5 ft contour or the eastern edge of pavement, whichever is seaward (Figure 4). The 5 
ft contour was chosen as the landward edge of the dune because it partially matches the edge of NC 12 
highway in the northern portion of the island, and because it provides an objective metric for 
comparison between 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 (Figure 4).  

  

http://www.fws.gov/refuge/pea_island/wildlife_and_habitat/habitat_types.html


 
16 

 

Table 3. Definition of Habitat Classes  

Value Class Description 

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.  

2 Estuarine Pond 
(EP) 

Enclosed bodies of water within the island with minimum or no connection with 
estuarine water. This class does not include the three large manmade managed water 
ponds of the refuge.  

3 Salt Flat (SF) Estuarine areas subjected to irregular flooding by salt water. This class occurs in 
shallow depressions where evaporation of the high salinity ocean water concentrates 
salt. Sparse cover and low diversity characterize its 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 salt water. These conditions may occur 
on stabilized sand ridges, in dune swales, and on sand flats. 

5 Marsh (M) Includes salt and emerging marshes. Salt Marsh occurs on the margins of estuarine 
channels and on 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 salt water. Brackish marsh is subjected to 
irregular flooding mostly from wind tides. 

6 Vegetated 
Dune (VD) 

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

7 Bare Sand 
Dune (BSD) 

Un-vegetated portion of dunes limited on the ocean front by the dune toe and 
landward by the 5 ft (1.524 m) NAVD88 elevation contour or the eastern edge of 
pavement, whichever is seaward. 

8 Water (W) Estuarine and ocean water. 

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 5 ft (1.524 m) 
NAVD88 elevation contour in areas subject to inundation by the ocean or partial burial 
due to wind-blown sand. 

12 Managed 
Wetlands 
(MW) 

Manmade impoundments with borrow canals around the perimeter that may include 
open water, moist soil, exposed sand/mud flats, 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. 

13 Beach (B) Bare sand between the dune toe and the wet-dry shoreline.  
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Figure 4. Definition of the horizontal extent of a dune (red arrow) on a cross-shore transect and 
visualization of the dune toe extraction method.  

The dune is 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 are classified as 
Maritime Brush, excluding Shrubs. Other areas classified as Maritime Brush were digitized over the 
portion of overwash fans that have growing vegetation. Other classes that were digitized include the 
Infrastructure, Groin, and Managed Wetlands. 

Once the automated and digitized classifications are completed, visual inspection of the resulting 
habitat maps is performed at 1:3,000 scale that allows correction of noise and any mis-classifications 
that may have resulted from the automated process.  

Erosion Rate Update 

The project included an update of study area erosion rates following the methodology of Overton and 
Fisher (2005). To update the erosion rates, additional ocean shoreline position data were established 
using the aerial orthophotography for the 2020 dates, and added to the database of shoreline positions 
established in the 2010 Baseline Report (Overton 2012) and updated in subsequent reports. The erosion 
or accretion rates were then calculated by performing a linear regression on the shoreline position data. 
It is noted that for the transects surrounding the Pea Island Breach (Transects 386, 387, 388, 389, and 
390), shoreline positions while the breach was active have been removed from the database, as 
described in the 2015 Report. Since the 2016 update, post-closure shorelines for those transects have 
been included in the database, and computation of erosion rates for these transects has resumed. 

Critical Buffer and Vulnerability: Present and Future 

The vulnerability of the NC 12 roadway at the conclusion of 2020 was assessed using the December 10, 
2020 orthophotography. Vulnerable locations were identified using the 230-foot critical buffer 
established in previous studies0F

1. Where the distance from the edge of pavement to the ocean shoreline 
was less than or equal to 230 ft, the area was considered to be vulnerable. In previous reports, the four 

                                                           
1 This criterion originated with the first highway vulnerability study completed in 1991 (Stone, Overton and Fisher 
1991). That work proposed a critical buffer distance of 230 ft from the edge of pavement to the active shoreline, 
interpreted as mean high water (MHW), to be used to indicate when a coastal highway became vulnerable to 
repetitive overwash and sand deposits resulting in excessive maintenance costs. This conclusion was based on the 
review of NCDOT maintenance records for NC 12. 
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transects within the original Pea Island Breach (and the associated temporary bridge) were excluded 
from the vulnerability analysis. NCDOT completed construction of a 0.5-mile interim structure spanning 
the breach area in late 2017. Because the new structure is not intended as a long-term solution for the 
maintenance of NC 12, this analysis will continue to assess the distance between the edge of pavement 
(bridge) and the ocean shoreline within the interim bridge area. 

Areas where the shoreline would be expected to recede to the buffer zone within 5 years (based on the 
updated shoreline position data) were also highlighted. This was done by predicting the expected 
position of the shoreline in 5 years and highlighting areas where it encroached on the 230-foot critical 
buffer. The newly computed erosion rate (the linear regression of the cumulative set of shoreline 
positions) was used to project the shoreline position 5 years into the future and in 10-year intervals 
from 2030 to 2060. By computing the predicted position in this way, bias toward under-predicting or 
over-predicting erosion based on the current position is avoided, and all historic positions in the 
database are incorporated. 

To provide an estimate of the range of potential shoreline positions, the concept of prediction interval 
was used to determine the uncertainty surrounding the expected shoreline positions for the 2030, 2040, 
2050, and 2060 predictions. A prediction interval is an estimate of a range in which future observations 
will fall, with a certain probability, given what has already been observed. The landward-most shoreline 
position in the 95% confidence interval range is considered a proxy for the potential “high-erosion” 
shoreline position, while the seaward-most position provides an estimate of the “low-erosion” case. This 
band of expected positions was compared with the 230-foot critical buffer to assess the potential future 
vulnerability of NC 12.  

Storm Events 

The USACE Field Research Facility (FRF), located in Duck, NC (approximately 35 miles north of the study 
area) maintains a variety of wave and water level measurements. The FRF defines a storm as a 
maximum wave height of greater than 2 m (6.6 ft) for a sustained duration greater than 8 hours. (Note: 
The wave height measured at the FRF, Hmo, is an energy-based statistic equal to four times the 
standard deviation of the sea surface elevations.) Storm events for 2020 were extracted using this 
criterion for the 17m waverider buoy at the FRF. In addition, the peak water level during each storm and 
the maximum difference between the NOAA predicted and observed water levels during the storm were 
compiled for the water level gage at the FRF.  

Recently the data from the Traveler Information Management System for Dare County were made 
available to the CMP researchers. These data were also compiled to provide information on storm-
related closures of NC 12 during 2020. 

NCDOT Maintenance 

Information on the road maintenance conducted within the study area was provided by NCDOT, 
including location, type of maintenance, and cost.  
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Barrier Island Breaches  

Hurricane Irene impacted the study area on August 27, 2011. High winds, waves, and elevated water 
levels on the sound side combined to cause substantial changes to the morphology of the area. In two 
locations, the barrier island was breached: just south of the freshwater ponds and at the north end of 
the community of Rodanthe. These breaches are referred to as the Pea Island Breach and the Rodanthe 
Breach, respectively. The Rodanthe Breach closed shortly after Hurricane Irene in 2011; however, that 
area was also breached during Hurricane Sandy in 2012 as described in the 2012 report. The Pea Island 
Breach had essentially closed by May 2013, nonetheless, later orthophotos have revealed occasional 
flooding at the area. The evolution of these regions were again monitored in 2020.  
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3. RESULTS 

Distance from Ocean to Estuarine Shoreline 

Table 4 shows the location of the transects where the distance from the ocean to estuarine shoreline 
was 1000 ft or less in at least one photography set in 2020. Overall, the locations where island widths 
are less than 1000 ft correspond to areas that have been identified in previous reports. 

Transect 188 is a new transect within the Canal Zone hot spot that fell beneath the 1000 ft threshold 
during the April 2020 data collection when elevated water levels were observed in conjunction with an 
ongoing nor’easter. During the other dates the distance from ocean to estuarine shoreline at this 
transect were slightly above the threshold as shown. Transects 238 to 246 are located just south of the 
Canal Zone hot spot, adjacent to an interior channel north of the freshwater ponds which has a direct 
outlet to the sound. As noted in previous reports, this area can fluctuate in width but remains near the 
1000 ft that is considered to be increasingly vulnerable to soundside storm surge. 

Transects 408 to 426 are located at an area south of the Pea Island Breach that has remained narrow 
throughout the monitoring period.  

Transects 535 to 576 are located just north of Rodanthe in a location that is persistently narrow, and 
where a beach nourishment project was completed from late July to early September 2014 (a project 
overview is provided in the 2014 report). The beach nourishment project increased island widths in the 
area temporarily, but have returned to pre-project conditions and are less than 1000 ft wide. This area 
will be bypassed by the Rodanthe Bridge, currently under construction. 

To illustrate the conditions of the full study area shoreline at the conclusion of the 2020 study year, the 
island width as of December 10, 2020 is shown in Figure 5. This figure illustrates the distance from the 
ocean to estuarine shoreline at each individual transect for this date; transects with island widths less 
than 1000 ft are highlighted in red. Figure 6 through Figure 11 present the locations of the island width 
transects on the aerial photography.  
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Table 4. Transects with distance from ocean to estuarine shoreline less than 1000 ft at least once in 
2020. Distances less than 1000 ft are highlighted in bold.  
 

Transect  Location 2/4/2020 4/2/2020 6/1/2020 8/26/2020 10/5/2020 12/10/2020 
188 

Between Old 
Coast Guard 
Station and 
Freshwater 

Ponds 
  

1112 992 1059 1147 1060 1099 
238 1069 951 955 1023 963 934 
239 1023 972 975 1053 990 961 
242 1081 979 1041 1113 1039 1047 
243 1053 950 1016 1086 1012 1031 
244 1026 916 984 1057 1000 998 
245 1021 909 968 1050 1003 988 
246 987 884 970 1038 977 971 
408 

Between 
Refuge 

Parking Lots 
  
  
  
  
  
  
  
  
  
  

820 732 725 781 732 735 
409 782 721 698 746 721 704 
410 735 699 664 701 699 665 
411 802 778 754 783 778 744 
412 758 749 734 753 749 720 
413 693 696 672 705 696 670 
414 706 687 672 713 687 666 
415 886 858 832 881 858 840 
416 1011 959 940 986 959 961 
421 993 1008 1015 1027 1008 1054 
422 898 913 866 919 913 954 
423 920 920 878 934 920 963 
424 988 985 945 996 985 1021 
425 1072 1053 1017 1064 1053 1072 
426 1034 989 984 1022 989 1018 
535 

  
  
  
  
  

 Southern 
PINWR/ 

Rodanthe S-
Curves 

 
 

989 897 881 946 938 944 
537 908 811 832 883 846 831 
540 712 632 610 647 685 652 
541 995 922 899 925 976 927 
542 939 864 861 879 915 860 
543 668 604 590 627 641 604 
544 1011 954 940 970 979 964 
546 688 654 611 659 669 650 
547 1038 999 969 1004 984 987 
548 793 729 737 761 725 737 
549 910 843 871 890 842 857 
568 1046 985 986 1053 1015 1014 
575 858 798 821 874 816 831 

576 790 720 729 796 740 768 

 
 



 
22 

 

Figure 5. Summary of distance from ocean to estuarine shoreline measurements along the study area 
as of December 10, 2020. Red indicates distances less than 1000 ft. Transect 170 is located 
approximately 0.4 miles south of the tip of the terminal groin.   
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Island Elevation and Dune Morphology 

Dune Crest/Maximum Elevation between NC 12 and Ocean Shoreline  

The maximum elevation between the NC 12 EOP and the ocean shoreline was determined at each 
transect for the 2020 digital terrain models (February 4, April 2, August 26, and October 5, 2020); for the 
purpose of this analysis, the maximum elevation is identified as the dune crest. Changes in the 
maximum elevation from date to date are shown in this section to illustrate the variability. Negative 
change means the elevation of the later date was lower than that of the earlier date (decrease in 
maximum elevation); positive change means that the maximum elevation increased between the two 
dates. Figure 12 illustrates the changes from February 4 to April 2, 2020. The average change in 
maximum elevation over the entire study area during this time frame was approximately 0.7 ft 
(computed using the absolute value of the difference). The largest change was an increase of just under 
7 ft at Transect 188 near mile 0.5 (see Figure 15). The largest decrease was nearly 7 ft at Transect 328 
near mile 4.5. As in past reports, the majority of the elevation changes were in the Canal Zone area. 
During this time period, the dunes were built up in this area. 

 

 

Figure 12. Maximum elevation change from February 4, 2020 to April 2, 2020 at each transect, 
displayed from north to south along the study area. Note that transects are spaced 150 ft apart. 
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Changes occurring between April 2 and August 26 are shown in Figure 13. The average change was 0.7 
ft. The largest increase was approximately 4.3 ft near mile 7.1 (Transect 421), and the largest decrease 
just under 10 ft near mile 0.5 (Transect 188, Figure 15). It is noted that the region (Canal Zone) that 
showed increases in the February-April time period showed a corresponding decrease during the 
subsequent months.  

 

 

 

Figure 13. Maximum elevation change from April 2, 2020 to August 26, 2020 at each transect, 
displayed from north to south along the study area. Note that transects are spaced 150 ft apart.  

 

Changes in maximum elevation from August 26 to October 5, 2020 are shown in Figure 14. Average 
change during this time period was 1.3 ft. The largest increase was 11.2 ft at Transect 186 
(approximately mile 0.45), and the largest decrease was 3.3 ft at approximately mile 5.7 (Transect 369). 
The combination of wind-blown and water-borne transport and human intervention on the degraded 
dune field on Pea Island contributes to the high degree of variability observed over the study year, 
which for 2020 was primarily observed in the Canal Zone where high rates of sand transport and earth 
moving operations are frequent. 
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Figure 14. Maximum elevation change from August 26, 2020 to October 5, 2020 at each transect, 
displayed from north to south along the study area. Note that transects are spaced 150 ft apart.  
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Figure 15. Left, typical Canal Zone Profile at Transect 188, where an increase was shown from 
February to April, due to dune rebuilding, followed by a decrease of nearly 10 ft from April to August. 
The maximum elevation increased again from August to October, presumably due to rebuilding. This 
variability is typical of the Canal Zone, which is very active with frequent wind transport as well as 
wave/water impacts and frequent earth moving operations. Right panel shows aerial imagery for each 
of the four dates. 

 

To assess the state of the dunes at the final topographic data collection date of the 2020 study year, the 
dune crest heights (or simply the maximum elevation along the profile east of the road where no distinct 
dune was present) along the study area as of October 5, 2020 were plotted (see Figure 16). General 
trends remain the same as those observed in previous reports. The lowest dunes along the study area 
are found in three sections: along the Canal Zone and northern side of the freshwater ponds region, 
adjacent to the Pea Island Breach, and at the south end of the Pea Island National Wildlife Refuge into 
Rodanthe.  

Peak profile elevations (referenced to NAVD 88) ranged from a minimum of approximately 9 ft at 
Transect 386 adjacent to the Pea Island Breach to a maximum of 43 ft at Transect 482 in a wide dune 
field about 3 miles north of Rodanthe. As shown in Figure 16, there is a high degree of variability in the 
maximum elevation at each transect, due to the non-uniform degradation and buildup of the dune 
system. A 0.5-mile running average is also plotted to illustrate the overall alongshore trend. In the 
northern six miles of the study area, the average elevation of the dunes ranges from approximately 15 
to 25 ft. Just south of the ponds the dunes were removed by the Pea Island Breach in 2011 and are 

2/4/2020 

4/2/2020 

8/26/2020 

10/5/2020 
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gradually recovering. From miles 7 to 10, most dunes were greater than 20 ft in elevation; moving south 
from this area toward Rodanthe, the dune field is substantially degraded. In many parts of this stretch a 
narrow artificial dune was previously constructed over sandbags; these dunes were augmented by a 
beach nourishment project in August-September 2014, although the area has since returned to pre-
project or further eroded conditions. As described in the methodology section, the maximum elevation 
was compared to the elevation of the road at each transect. The trends are similar to those described in 
previous reports. 

 

 

 

 

Figure 16. Maximum elevation at each transect, displayed from north to south along the study area 
for the October 5, 2020 topographic data set. Blue points are > 10 ft above the CL elevation, red points 
are <= 10 ft above the CL elevation. Note that transects are spaced 150 ft apart. To assist in visualizing 
the alongshore spatial variation in dune crest height, a 0.5 mile running average of the height is also 
shown (blue line). Elevations at the centerline of NC 12 are plotted in green for comparison.  
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Dune Toe Position and Elevation 

Dune toe position and elevation for the October 5, 2020 topographic data were evaluated. Figure 17 
shows the horizontal dune toe position relative to the NC 12 edge of pavement as well as the shoreline 
and maximum dune elevation position as of October 5, 2020. The position of the shoreline and 
maximum elevation as of October 1, 2019 are presented as well, for reference. The position of the dune 
toe is similar to that in 2019, as were the general patterns across the study area. Dunes along miles 1 
through 4 and south of mile 11 have been reconstructed multiple times. It is noted that NCDOT is 
restricted in where and how high the dunes could be constructed due to the location of the current NC 
12 highway easement within the PINWR. NCDOT was required to stay within its existing easement 
unless otherwise authorized. This is why the dunes in these areas are so close to the roadway.  

 

 

 
Figure 17. Dune toe, shoreline, and maximum elevation positions as of October 5, 2020, measured as 
distance from the NC 12 edge of pavement, compared with dune toe and shoreline positions as of 
October 1, 2019. 

 

 



 
35 

Figure 18 shows the elevation of the dune toe as of October 5, 2020, with the NC 12 centerline elevation 
for comparison as well as the dune toe elevation as of October 1, 2019. The average toe elevation along 
the study area was 9.5 ft NAVD, slightly higher than the average elevation of 9.45 ft NAVD as of October 
1, 2019. 

 

 

 

 

 
Figure 18. Dune toe elevation as of October 5, 2020, compared with elevation of the NC 12 centerline 
and dune toe elevations as of October 1, 2019.  
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Beach Width 

Beach width, determined as the distance between the dune toe and ocean shoreline, as of October 5, 
2020 is shown in Figure 19, with the beach width as of October 1, 2019 for comparison purposes. As 
discussed in the methodology section, a beach width of less than 100 ft is considered to increase 
vulnerability of the dune field to wave impact. In areas where dunes are already degraded, narrow 
beaches increase the likelihood of further dune erosion and/or overwash. Average beach width across 
the study area as of October 2020 was 142 ft, whereas in October 2019 the average beach width was 
130 ft. The pattern of beach widths as of October 2020 was similar to that from the 2019 report.  

At this point in time, five years after placement, the beach width in the area of the Rodanthe beach 
nourishment project is narrower than pre-project conditions. This was expected as the project was 
designed to mitigate erosion for three years (see the 2014 Report for further details on the project). 

 

 

 

Figure 19. Beach width as of October 5, 2020 (blue), compared with beach width on October 1, 2019 
(gray).  
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Beach Volume above MHW from EOP to Shoreline 

The changes in beach volumes above MHW from October 1, 2019 to October 5, 2020 are presented in 
Figure 20. The volume per unit distance alongshore from the NC 12 EOP to the MHW elevation was 
computed at each transect. The numbers reflect both dune size and the distance from the road to the 
shoreline. Also included on the figure is the comparison between November 7, 2018 and October 1, 
2019. When the two change rates are compared, it is noted that in several places (e.g. between Mile 6 
and Mile 10) a loss from 2018 to 2019 is mirrored by a gain from 2019 to 2020. The beach volume data 
inherently reflect variability due to storm impacts and recovery. The beach volume change trends from 
2019 to 2020 show slightly more overall losses than the prior time period. This same trend is visible in 
Figure 22, which shows the cumulative change in beach volume. As detailed in the 2019 Report, 
Appendix B, there was a change in the edge of pavement reference line for the volume computations in 
2019; some of the volume changes from 2018 to 2019 are attributed to this reference change. From 
transects 376 to 404, the EOP shifted west, causing an average increase of 3.2 cy/ft in that area, and 
from transects 513 to 526, the EOP shifted east, causing an average decrease of 4.6 cy/ft at those 
transects. The trend for the study area overall was a slight volume decrease from October 2019, with an 
average loss across the study area of approximately 1.6 cy/ft (for reference, a dump truck can hold 
approximately 10 cy).  
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Figure 20. Changes in volume from October 2019 to October 2020, measured from the NC 12 EOP to 
the shoreline above the MHW elevation (displayed from north to south along the study area). 
Changes from November 2018 to October 2019 are also shown for reference.  

 

The alongshore profile volumes observed in the region of the beach nourishment project (southern 
PINWR/ northern Rodanthe) from pre-project, post-project, at the end of 2019, and for dates during 
2020 are shown in Figure 21. Volume changes between pre-project and post-project (April 2, 2014 and 
October 9, 2014) were on the order of 20-35 cy/ft increases in the sub-aerial volume alongshore for the 
main part of the project. From October 9, 2014 to February 4, 2015 there were some initial losses on the 
order of 10 cy/ft, after which the volumes remained relatively stable until October 2015 when volumes 
returned to near pre-project levels; this volume loss was thought to be due to the weather conditions 
immediately prior to the October 2015 data collection. By April 10, 2016, the area had recovered an 
average of 17 cy/ft with profile volumes similar to August 2015. From April to August 2016 average 
profile volume had decreased by about 8 cy/ft. In October 2016, the volumes had again decreased to 
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values similar to those in October 2015, likely due to effects of Hurricane Matthew. By February 2017, 
the area had recovered an average of 9 cy/ft, and by April had accumulated another 4 cy/ft on average. 
The profile volume remained relatively stable between April and early September. After the passage of 
Hurricanes Jose and Maria in mid to late September, the area had lost an average of 4 cy/ft as of 
October 2017. The volumes in the area of the beach nourishment project remained relatively stable in 
2018. As of November 2018, about 14 cy/ft on average remained in the study area as compared to the 
April 2014 pre-project conditions. The northern area remained relatively stable in 2019, with additional 
losses observed just north of Rodanthe near Mile 11.5-12. As of October 2019, about 8.6 cy/ft on 
average remained in the study area as compared to the April 2014 pre-project conditions. In 2020, 
profile volumes increased in the northern part of the beach nourishment area, remained relatively 
stable near mile 11.5, and increased slightly towards Rodanthe. As of October 2020, an average of 14.2 
cy/ft more than the April 2014 pre-project conditions remained in the study area. 

To compare volumetric conditions across the entire study area since the inception of the coastal 
monitoring program, a comparison of total sub-aerial volume change between the edge of pavement 
and the shoreline is shown in Figure 22. Dates of sand placement (2013 dredge material disposal near 
Oregon Inlet and the 2014 beach nourishment project) and significant storms are also indicated. The 
total volume was calculated by multiplying each of the profile volumes by 150 ft (the distance between 
the profiles) and summing the total across transects 170 to 626. Significant events affecting the volumes 
are highlighted by vertical red lines (Hurricane Irene, Hurricane Sandy, the October 2015 “Joaquin-
easter” event, Hurricane Matthew in October 2016, Hurricanes Jose and Maria in September 2017, 
Winter Storm Riley and Hurricane Florence in 2018, Hurricane Dorian in 2019, and Hurricane Isaias in 
2020). As of October 2020 there was an estimated approximately 1.5 million cubic yards less volume 
between the road and the shoreline than there was under baseline conditions (January 2011). (Note 
that the net volume change over the entire study area due to the shift in EOP noted above was an 
increase of 4,195 cy). 
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Figure 21. Profile volume from edge of pavement to shoreline, above the MHW elevation, by transect in region of the beach nourishment project. 
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Figure 22. Total beach volume change (EOP to shoreline) across the study area, with respect to 
baseline conditions.  

 

To assess conditions as of the last available topographic data of 2020, the computed volumes for 
October 5, 2020 are presented in Figure 23 with the running average of dune height included for 
comparison. The minimum measured value was approximately 16 cy/ft at Transect 575 at mile 11.5 
north of Rodanthe. The average volume from the edge of pavement to the shoreline in October 2020 
was approximately 166 cy/ft (in 2019 it was 165 cy/ft). Low values along the Canal Zone and freshwater 
ponds sections reflect the smaller dunes as well as the proximity of the road to the shoreline. From 
miles 7 to 10 the larger volumes correspond with higher dunes and the position of NC 12, which is set 
back further from the shoreline. In general, the spatial variation in profile volumes are similar to those 
observed in previous reports. 
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Figure 23. Computed volume as of October 5, 2020, from the NC 12 edge of pavement (EOP) to the 
shoreline above the MHW elevation displayed from north to south along the study area. The volume 
follows a trend similar to the running average of the maximum dune crest height, also shown.   
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Land Cover/Habitat Mapping  

Results of the land cover/habitat mapping efforts are presented in this section. Table 5 and Figure 24 
show the total areas in acres each year from 2012 to 2020. Overall, marsh is the dominant habitat in 
PINWR, followed by managed wetlands, shrub, bare sand dune and beach. The variation of total area is, 
for the most part, a consequence of variation in ocean shoreline positions. Figure 25 shows the mapping 
for 2019 and 2020. 

Table 5. Area (acres) for each habitat class from 2012 to 2020 

Class 2012 2013 2014 2015 2016 2017 2018 2019 2020 
Bare Sand 154.4 211.8 175.8 181.2 129.9 108.2 140.2 106.5 151.3 
Estuarine Pond 65.3 70.0 61.7 83.0 77.4 67.8 77.5 81.8 117.9 
Salt Flat 168.7 232.8 177.1 163.1 169.7 216.4 140.4 93.9 81.2 
Shrub 534.0 361.6 404.0 388.1 579.1 620.8 403.8 308.2 386.7 
Marsh 1932.2 2143.0 2123.4 2173.5 1992.4 1979.5 2162.9 2300.1 2094.2 
Vegetated Dune 167.4 104.0 141.2 121.3 129.9 136.2 122.3 158.2 146.7 
Bare Sand Dune 284.9 318.7 277.6 310.9 288.9 284.7 282.2 243.7 250.0 
Infrastructure 43.0 42.8 42.8 51.4 50.0 56.3 46.8 51.4 53.6 
Maritime Brush 139.5 97.1 116.7 123.9 129.4 126.9 102.4 122.5 118.3 
Managed 
Wetland 792.2 784.6 783.5 781.3 779.7 778.9 781.5 778.8 772.8 
Beach 264.6 283.1 238.2 279.0 265.2 288.7 280.1 249.0 151.0 
Groin 4.6 4.6 4.4 4.4 4.2 4.2 4.4 4.3 4.2 
Total 4550.9 4654.0 4546.5 4660.9 4595.7 4668.6 4544.5 4498.2 4328.1 

 

 

Figure 24. Area for each habitat class from 2012 until 2020 
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Figure 25. Habitat maps for 2019 and 2020 

 

Evolution of habitat classes is highly variable and dependent on physical, biological, and management 
factors. Figure 26 shows linear trends for each habitat class. It should be noted that most habitats do not 
display a linear behavior, however, these trends provide a general idea of whether a given habitat class 
tends to increase or decrease over time. All classes with the exception of estuarine pond and 
infrastructure experienced significant changes between 2012 and 2013; this is a consequence of the 
effects of Hurricane Sandy on the island. Other abrupt changes in bare sand, salt flat, shrub, marsh, and 
maritime brush occurred between 2017 and 2018. The potential cause for the latter changes are three 
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storms that impacted the Outer Banks in that period, including Hurricane 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. 
Between 2018 and 2019, an increase in marsh was observed in contrast to a decrease in shrub. This is 
attributed to controlled burn management activities in areas with high shrub density. During the April 
2020 imagery, the water levels were elevated due to an ongoing nor’easter, which is reflected in the 
decrease in beach and total island area. Estuarine ponds also increased sharply in 2020 as salt flats 
decreased, at least partly due to the elevated water levels.  

The panel in the bottom left corner of Figure 26 shows the total area of the island computed as the sum 
of all classes different from water. The annual variability in this plot is primarily caused by the variability 
of the ocean shoreline position, which shifts depending on short-term storm impacts (erosion) and 
recovery (accretion) as well as on the water level when the images were taken. The data indicates that in 
the past nine years the area of the island has varied between approximately 4,300 to 4,700 acres. 
However, such variation follows a cyclical pattern that does not confirm gain or loss of the island’s 
horizontal area. The total horizontal area of dunes (vegetated + bare sand dune) has been decreasing over 
time from 450 acres to 400 acres.  

The observed behavior of each habitat class from 2012 to 2020 is described below:  

• Bare Sand: Overall decreasing trend, significant increase after major ocean-side storms.  
• Estuarine Pond: Highly variable. The number of enclosed bodies of water and their spatial extent 

depends on the water levels, rainfall, and the water table when the images were taken. Linear 
trend indicates a slight increase over time.  

• Salt Flat: Also highly variable and dependent on water levels. Linear trend indicates a slight 
decrease over time. 

• Shrub and Marsh: These two classes display an inverse behavior and linear trends for marsh 
indicates slight increase, shrub stable to slight decrease.  

• Dune: Bare sand dune has a decreasing trend. Vegetated dune has a stable linear trend but 
fluctuations are observed. As expected, both classes show a strong sensitivity to ocean-side 
storms.  

• Groin: Changes in groin area are a result of sand deposition over the structure and varying water 
levels. Overall, groin area visible in the photography has remained within 4.1 and 4.6 acres.  

• Infrastructure: Increase from 2012 until 2017 due to the construction of the Basnight Bridge in 
the north and other NC 12 improvements near Pea Island Breach. Although the linear trend 
indicates increase in infrastructure over time, the data point in 2018 reflects less construction 
areas on the island due to completion of two bridge projects. Continued work on the Rodanthe 
bridge has slightly increased infrastructure in 2019 and 2020. 

• Maritime Brush: Depicts vegetation growth in overwash fans and the landward side of the dunes. 
Significant decrease after ocean-side storms.  

• Managed Wetlands: Slight decreasing trend. From 2012 to 2020 lost nearly 20 acres, most of that 
area was lost to overwash fans from ocean-side storms that reached the ponds. 

• Beach: Highly variable and dependent on storm activity and water levels. 2020 data shows a 
decrease in beach area primarily due to the observed elevated water levels in April 2020. 



 
46 

 

Figure 26. Linear trends for each habitat class. 
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A change matrix was created to identify changes from one habitat class to another from 2019 to 2020 
(Figure 27). (Details of changes between prior years are found in Appendix B of the 2018 report and in the 
2019 report). Green cells in the diagonal of the matrix indicates the stable areas that remained within the 
same habitat. Warm colors indicate different levels of change with the most significant habitat changes 
(> 50 acres) in red cells.  

The largest changes were from marsh to shrub, shrub to marsh and from beach to water. The shrub to 
marsh and marsh to shrub changes are attributable to succession and some management activities 
(controlled burns which reduce shrub), and the beach to water changes are attributed to erosion along 
the study area shoreline as well as elevated water levels at the time of the photography. 
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Figure 27. Habitat changes from 2019 to 2020. Top: Change matrix. Bottom: Spatial distributions of 
the three larger habitat changes enclosed in bold rectangles in the change matrix are shown in red. 
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Erosion Rate Update 

With the recent shoreline position data from 2020 added, the linear regression long-term shoreline 
change rates for the study area changed very little from the 2019 update conditions, as shown in Figure 
28. Note that in this figure, “positive” shoreline change rates indicate erosion. In order to see more 
clearly the trends since the Baseline Report (conditions as of January 2011), Figure 29 shows each of the 
erosion rates reported yearly since December 2011. While the rates have not changed significantly year 
to year, it is apparent that there are some trends in the changes. In the first mile, while accretion has 
been present, the rates of accretion have been decreasing. In the Canal Zone, rates of accretion have 
been transitioning to rates of erosion (generally less than 2 ft/year). Over the remainder of the study 
area, trends have remained similar since the Baseline Report, with an average slight decrease in the 
rates of erosion in most areas. An accretionary area near Transect 470 appears to have shifted slightly to 
the south. 

 

 

Figure 28. Updated erosion rates through December 10, 2020, compared with 2019 update conditions 
(as of December 18, 2018) and baseline report conditions. 
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Figure 29. Erosion rate changes from December 2011 to December 2020. 

 

Critical Buffer and Vulnerability: Present and Future 

Baseline and 5-Year Vulnerability 

Figure 30 to Figure 35 illustrate the location of the 230-foot buffer offset from the NC 12 edge of 
pavement at the conclusion of the 2020 study year (photography dated December 10, 2020). The 
lengths of NC 12 where the shoreline falls within this buffer or would be expected to fall within the 
buffer within 5 years, using the linear regression predicted average position, are highlighted on these 
maps. The average predicted position is used for the 5-year forecast to provide an indication of the 
areas most likely to be immediately impacted. It is noted that if the 5-year forecast from the present 
report (2025) is compared to 2020 forecast maps from early reports, vulnerable areas are substantially 
longer in the prior 2020 forecast maps than those shown on the current (2020) and 5-year (2025) 
vulnerability maps. This is due to the inclusion of the prediction interval bands (i.e., the “worst-case” 
high-erosion shoreline position) on the previous 2020 maps. This essentially shows the uncertainty 
associated with the shoreline prediction, which makes the potentially vulnerable section larger.  

Areas of current and 5-year vulnerability as determined by the 230-foot buffer include a section along 
the Canal Zone, a section in the middle of the freshwater ponds stretch near the PINWR visitors center, 
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a narrow region just south of the wide dune field area, and along the shoreline segment in the north 
part of Rodanthe. The lengths of the vulnerable sections shown on the maps are presented in Table 6.  

The section termed A in Table 6 and Figure 30 was identified as vulnerable in the 2019 report, although 
the length of the vulnerable area has decreased slightly since that report. Section B identified in Table 6 
and Figure 31 are located along the section of NC 12 near the parking access at the juncture of the 
northernmost and middle ponds (this section corresponds approximately to the section identified as B in 
the 2019 report). Sections C through I in Table 6 and Figure 34 correspond approximately to sections C 
to E in the 2019 report. Sections J, K, and L in Table 6 and Figure 35 correspond with sections F, G, and H 
in the 2019 report. The total length of the 5-year and current vulnerable sections of NC 12 at the end of 
the 2020 study year is 14,104 ft, compared to 17,425 ft in 2019. Most of the change was due to the 
decreases in the vulnerable areas within the Canal Zone, which reflect recovery/accretion since 
December 2019. 

Table 6. Current and 5-year vulnerable sections of NC 12 

Map Location 
(refer to Figure 
30-Figure 35) 

 
Designation 

in 2019 
Report 

Vulnerability 
Timeframe 

Length 
(ft) 

Approximate 
Transect Span 

Location 
Description 

A A Current 5,919 201-241 Canal Zone 

B B Current 3,441 292-315 

Adjacent to 
PINWR Visitors 

Center 
(Freshwater 

Ponds) 

C C 5-year 99 540-541 

Narrow area 
north of 

Rodanthe 

D C Current 354 541-543 

E D 5-Year 250 543-545 

F D Current 148 545-546 

G D 5-Year 129 546 

H D Current 40 547 

I E 5-Year 142 547-548 

J F 5-Year 154 563-564 Just north of 
refuge boundary 

into Rodanthe 
(S-Curves) 

K G Current 3,122 564-584 
L H 5-Year 306 584-587 

TOTAL Current 13,024   
TOTAL 5-Year 1,080   

OVERALL TOTAL 14,104   
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Predicted Shoreline Positions: 2030 and 2060 

Figure 36 through Figure 41 show the prediction of the expected average shoreline position in 2030 
(referred to as “Predicted 2030 Shoreline” in the figures) based on the linear regression of shoreline 
position including data through December 2020. For these predictions, a band showing the potential 
high-erosion and low-erosion position of the shoreline is also presented, determined using the 95% 
confidence prediction intervals for the position data (this band is referred to as “95% Prediction Interval 
Range” in the figures). Red highlights the areas along NC 12 where, at a minimum, the high-erosion 
shoreline (the western edge of the band) encroaches on the 230 ft critical buffer. These areas are 
considered to be potentially vulnerable roadway. The length and approximate transect span of these 
locations is summarized in Table 7.  

By 2030, the high-erosion shoreline position reaches the 230-foot critical buffer throughout the Canal 
Zone near Oregon Inlet (Figure 36), north of the freshwater ponds. [It is noted that this area is already 
showing vulnerability in the current year; this is because the short-term recession of the shoreline has 
been greater than the long-term rate used for the prediction. It is too soon to know whether the trend 
may reverse as part of the bar attachment cycle, however, the current vulnerability makes this an area 
of immediate concern.] The average 2030 shoreline position (represented by the mid-point of the band) 
reaches the buffer near the center of the freshwater ponds, while the high-erosion shoreline 
approaches the road (Figure 37). Figure 38 shows the 2030 high-erosion shoreline encroaching on the 
buffer along the southernmost freshwater pond and adjacent to the Pea Island Breach, and along a 
small section south of the breach. The 2030 high-erosion shoreline is well within the critical buffer zone 
and encroaches onto the road along the section of NC 12 north of Rodanthe and into the northern 
section of Rodanthe, as shown in Figure 40 and Figure 41.  

The potentially vulnerable sections in the 2030 prediction were similar overall to those in previous 
reports, with small differences from the 2019 report. Sections A, B, and D were slightly longer than the 
corresponding sections in the 2019 report. Sections C and E were slightly shorter than the sections 
shown in the 2019 report. The total length of potentially vulnerable roadway with the 2030 forecast is 
27,169 ft, compared with 27,410 ft in the 2019 report. Note that a portion of the length of the Interim 
Bridge span is included in this estimate, because this bridge is considered a temporary solution to the 
vulnerability in that area.   
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Table 7. 2030 potentially vulnerable sections of NC 12 

Map Location 
(refer to Figure 
36-Figure 41) 

Designation 
in 2019 
Report 

Length (ft) Approximate 
Transect Span 

Location 
Description 

A A 8,273 195-250 Canal Zone 

B B 5,939 279-318 

North of, 
Adjacent to, and 

South of Pea 
Island Visitors 

Center 
(Freshwater 

Ponds)  

C C 3,344 358-380 

Adjacent to 
South Pond and 
just north of Pea 

Island Breach 

Interim Bridge Interim Bridge 501 380-383 
Portion of 

Interim Bridge 
Span 

D D 242 403-404 
Small section 
south of the 

Interim Bridge 

E E 8,870 535-594 

Narrow area 
north of 

Rodanthe, past 
refuge boundary 

into Rodanthe 
(S-Curves) 

TOTAL 27,169   
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The prediction of the expected average shoreline position in 2060 (referred to as “Predicted 2060 
Shoreline”), along with a band showing the potential high-erosion and low-erosion shoreline positions 
(referred to as “95% Prediction Interval Bounds”) is presented in Figure 43 through Figure 48. The length 
and approximate transect span of the areas where the band encroaches on the 230 ft buffer is 
summarized in Table 8. 

As shown in Figure 43, the 2060 high-erosion shoreline reaches the critical buffer along a stretch of 
NC 12 just south of Oregon Inlet. This area is currently showing very slight accretion in the long-term 
rates (see Figure 28); therefore Area A in this figure is slightly smaller than Area A (along the same 
stretch of roadway) shown in Figure 36. In the shadow of the terminal groin and north of the ebb shoal 
bar attachment point, the shoreline is essentially stabilized, fluctuating around an average position with 
cyclic periods of erosion and accretion. This cyclic fluctuating shoreline behavior is a function of the 
presence of the terminal groin that traps sand, the ebb shoal bar which tends to refract the waves and 
reverse the direction of alongshore transport (to the north) and the occasionally episodic supply of sand 
provided by the dredge disposal activities of the USACE. Figure 42 shows the approximate location of 
the ebb shoal bar, and provides an example of a period of sediment transport to the north such that 
sand accumulated on the inlet side of the terminal groin. A linear analysis of these kinds of data typically 
results in a small shoreline change rate (either erosion or accretion) and a large prediction interval 
reflecting the uncertainty of the trend. In this area at the present time, accretion is indicated by the 
linear regression analysis. It is noted that there is a limit to how much accretion will be maintained 
before the shoreline position oscillates back to an erosion condition. Future monitoring will determine if 
the shoreline change rate reverses trend in the future, and subsequent shoreline position predictions 
will be adjusted accordingly.  

Along the freshwater ponds and adjacent to the Pea Island Breach, even the low-erosion 2060 shoreline 
moves landward of NC 12 in some areas (Figure 44 and Figure 45). Just south of the ponds, the low-
erosion 2060 shoreline is within the critical buffer area, and the average-erosion shoreline approaches 
the road (Figure 46). South of that section, all predicted shorelines lie east of the buffer for 
approximately three miles until a narrow section north of Rodanthe where the high erosion predicted 
shoreline transitions to a position landward of NC 12 (Figure 47). All predicted shorelines are landward 
of the road from that area south to the northernmost portion of Rodanthe (Figure 48). 

The total length of potentially vulnerable roadway for the 2060 prediction is 39,657, about 2,000 ft 
longer than the total length of potentially vulnerable roadway for the 2060 prediction in the 2019 
report, 37,763 ft. Note that the length of the Interim Bridge span is included in this estimate, because 
this bridge is considered a temporary solution to the vulnerability in that area. 
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Table 8. 2060 potentially vulnerable sections of NC 12 

Map Location 
(refer to 

Figure 43-
Figure 48) 

Approximate 
Corresponding 

Section in 
2030 Maps 
(Figure 36-
Figure 41) 

Designation 
in 2019 
Report 

Length (ft) Approximate 
Transect Span 

Location 
Description 

A A A 8,089 196-250 Canal Zone 

B B B 9,648 265-329 

North of, Adjacent 
to, and South of Pea 

Island Visitors 
Center (Freshwater 

Ponds) 

C C C 5,044 346-380 
Adjacent to South 
Pond to north of 

Interim Bridge 

Interim Bridge Interim Bridge Interim 
Bridge 3,249 380-401 Span of Interim 

Bridge 

D D D 3,509 401-424 South of Interim 
Bridge 

E E E 10,118 532-599 

Narrow area north 
of Rodanthe, past 
refuge boundary 

into Rodanthe 
 (S-Curves) 

TOTAL 39,657   
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Figure 42. Diagram showing approximate location of the ebb shoal bar (visible due to waves breaking 
over the shallower areas of the bar) and local reversal of sediment transport, leading to sand 
deposition on the inlet side of the terminal groin. 

  



0 1,000 2,000 3,000 4,000500
Feet

²

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figu re 43
(View 1  of 6)

A

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



0 1,000 2,000 3,000 4,000500
Feet

²

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figu re 44
(View 2  of 6)

A

B

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



0 1,000 2,000 3,000 4,000500
Feet

²

Interim Bridge

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figure 45
(View 3  of 6)

B

C

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



0 1,000 2,000 3,000 4,000500
Feet

²

Interim Bridge

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figure 46
(View 4  of 6)

D

B

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



0 1,000 2,000 3,000 4,000500
Feet

²

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figure 47
(View 5  of 6)

E

B

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



0 1,000 2,000 3,000 4,000500
Feet

²

2060 Potentially Vulnerable Roadway

NC 12 Edge of Pavement

230 Foot Critical Buffer Zone

Predicted 2060 Shoreline

95% Confidence Interval

Figu re 48
(View 6  of 6)

E

B

Projected 2060 Shoreline with 95% PI
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: April 19, 2021



 
75 

Storm Events 

Table 9 presents the storm events compiled from the USACE Duck Field Research Facility. The maximum 
water level was the maximum elevation measured over the storm time frame from the hourly data. 
Maximum storm surge was the maximum of the difference between the observed and predicted water 
levels. Table 10 shows dates when NC 12 on Pea Island was hazardous or closed according to the NCDOT 
Traveler Information Management System. It is noted that while no storm was recorded at the FRF 
(according to the given criteria) during Hurricane Isaias in August 2020, tidal flooding did cause 
hazardous conditions along NC 12. The most severe event in 2020 was the combination of Hurricanes 
Sally and Teddy in September 2020, which created storm conditions for 124 hours and road closures for 
a period of 4 days with hazardous conditions persisting for 10 days (inclusive of the 4 days of closures) 
according to the NCDOT Traveler Information Management System.   

 

Table 9. Storm events, 2020, as measured at the Duck Field Research Facility 17 m waverider (waves) 
and pier (water levels) (events had a maximum wave height greater than 6.6 ft for a sustained 

duration greater than 8 hours.) Date and time shown in EST. 

Start Date End Date Max Hmo (ft) Duration 
(hr) 

Max Water 
Level 

(ft NAVD) 

Max 
Storm 

Surge (ft) 

1/17/2020 4:00 1/17/2020 20:00 8.9 16 1.7 0.9 

1/25/2020 9:30 1/25/2020 18:00 8.0 8.5 2.1 0.7 

2/21/2020 2:00 2/22/2020 1:00 11.5 23 2.1 1.0 

3/7/2020 11:30 3/9/2020 1:00 10.5 37.5 2.5 1.9 

3/22/2020 22:30 3/23/2020 21:30 9.1 23 2.5 1.4 

3/25/2020 20:00 3/26/2020 15:00 9.2 19 3.2 2.0 

4/1/2020 2:30 4/2/2020 10:00 13.1 31.5 3.9 3.1 

4/15/2020 10:00 4/15/2020 18:30 8.7 8.5 1.4 1.4 

4/30/2020 15:00 5/1/2020 9:00 9.1 18 2.1 1.2 

5/18/2020 17:30 5/19/2020 14:00 8.8* 20.5* 2.5* 1.6* 

5/19/2020 15:00 5/21/2020 22:00 11.4* 55* 2.9* 2.0* 

6/15/2020 20:56 6/16/2020 16:56 8.8 20 2.6 2.1 

6/16/2020 21:56 6/17/2020 13:56 9.0 16 2.6 1.9 

9/12/2020 7:26 9/12/2020 23:26 8.9 16 2.7 1.5 

9/18/2020 12:26 9/23/2020 16:26 13.4** 124** 4.0** 2.2** 

12/15/2020 0:26 12/15/2020 10:26 8.0 10 2.8 1.9 
*Tropical Storm Arthur 
**Hurricane Sally and Teddy 
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Table 10. Traveler Information Management System NC 12 closure data for 2020, Pea Island  

StartTime 
(EST) 

EndTime 
(EST) City Closed or 

Hazardous Reason 

2/7/2020 
11:59:00 AM 

2/8/2020 
12:59:00 PM 

Nags 
Head Closed 

South bound lane from Bodie Lighthouse to 
Hattteras closed due to severe sound side flooding. 

Road will remain closed until water recedes 
4/4/2020 

5:42:00 PM 
4/4/2020 

6:42:00 PM 
Near 

Rodanthe Closed NC-12 is closed from the Oregon Inlet Bridge to 
Rodanthe. 

4/5/2020 
5:32:00 AM 

4/5/2020 
2:00:00 PM 

Near 
Rodanthe Closed NC-12 is closed between Oregon Inlet and Rodanthe 

due to ocean overwash. 

5/18/2020 
9:07:00 AM 

5/19/2020 
10:07:00 AM 

Near 
Hatteras Hazardous 

There is ocean overwash and flooding along multiple 
stretches of NC-12 between Hatteras Island and 

Oregon Inlet. Motorists are advised to use caution 
when traveling through the area.  

5/21/2020 
6:47:00 AM 

5/22/2020 
10:00:00 AM 

Nags 
Head Hazardous 

Due to overnight ocean overwash sand, water and 
debris has made travel on NC12 hazardous. 

Motorists using this section of NC12 between the 
Marc Basnight Bridge and Hatteras should use 

caution. Crews will be clearing the debris and will be 
in the roadway. 

8/4/2020 
10:40:00 AM 

8/6/2020 
11:40:00 AM Rodanthe Hazardous Tidal flooding covers both lanes. Use caution if 

traveling this section of NC12 

9/19/2020 
11:00:00 AM 

9/22/2020 
11:00:00 PM 

Near 
Rodanthe Hazardous 

The roadway has sand and water in the area south 
of the Oregon Inlet.  Use caution while traveling 

through the area. 
9/20/2020 

10:10:00 PM 
9/21/2020 
1:00:00 PM 

Near 
Rodanthe Closed NC-12 is closed between the Bonner Bridge and the 

town of Rodanthe. 
9/20/2020 

10:10:00 PM 
9/22/2020 
2:00:00 PM 

Near 
Rodanthe Closed NC-12 is closed between the Bonner Bridge and the 

town of Rodanthe. 
9/20/2020 

10:10:00 PM 
9/23/2020 
2:00:00 PM 

Near 
Rodanthe Closed NC-12 is closed between the Bonner Bridge and the 

town of Rodanthe. 

9/20/2020 
10:10:00 PM 

9/23/2020 
6:00:00 PM 

Near 
Rodanthe Closed 

The roadway has sand and water in the area south 
of the Oregon Inlet.  Use caution while traveling 

through the area. 

9/19/2020 
11:00:00 AM 

9/29/2020 
12:00:00 PM 

Near 
Rodanthe Hazardous 

The roadway has sand and water in the area south 
of the Oregon Inlet.  Use caution while traveling 

through the area. 
February & April: nor’easters 
May: Tropical Storm Arthur 
August: Hurricane Isaias 
September: Hurricanes Sally and Teddy 

 

USACE Dredge and Disposal Records 

The USACE has historically dredged and placed material within the project monitoring area on a near-
annual basis as described in the baseline report. However, in recent years dredging and placement 
events have been sparse. Data are gathered from the USACE Navigation Data Center databases 
(https://usace.contentdm.oclc.org/digital/collection/p16021coll2/id/2641). At the time of this report, 
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these data were not available for 2020. As information is updated, the report will be updated or 
information will be included in next year’s report.  

 

NCDOT Maintenance Records 

NCDOT provided information on NC 12 roadway maintenance activities in 2020. Table 11 lists the 
maintenance activities undertaken within the monitoring program study area in the year 2020. This list 
does not include any work associated with the Herbert C. Bonner Bridge or the Basnight Bridge, nor any 
work reported on NC 12 outside of the study area. As shown, maintenance expenditures in 2020 were 
approximately $1.3 million with most of the expenses related to sand removal. Some expenses on the 
year were allocated to persisting costs from a November 16, 2019 coastal storm. Other line items 
corresponded to nor’easter storms and Isaias, as well as the combination of Sally and Teddy, which is 
noted as “Sept 17, 2020 severe weather.” 

Table 11. NCDOT Highway 12 Maintenance, 2020 Expenditures. 

Task Description Labor & Material Equipment 
Fully Operated 

Rental Other Total 

Various 

General NC 
12 

Maintenance 
$ 65,304.00 L 
$ 3,524.34 M $ 20,502.71 $ - $ 305.05 $ 89,636.10 

November 
Nor'easter 

Pea Island 
Removal of 

Sand $ 38,225.97 L $ 14,406.63 $ - $ 14,390.16 $ 67,022.76 

January 
Nor'easter 

Pea Island 
Removal of 

Sand $ 39,591.35 L $ 17,548.24 $ - $ - $ 57,139.59 
April 1st 2020 

Storm Canal Area $ 8,720.29 L $ 5,118.47 $ - $ - $ 13,838.76 
April 1st 2020 

Storm Mirlo Beach $ 16,601.37 L $ 13,689.81 $ - $ - $ 30,291.18 

Various 
Sand 

Removal $ 435,056.66 L $ 206,140.07 $ 190,504.94 $ - $ 831,701.67 

Hurricane 
Dorian 

Dare - NC 12 
CCTV 

Cameras 
$ 1,195.86 L 

$ 26,715.16 M $ 201.40 $ - $ - $ 28,112.42 
Coastal Storm 
Nov 16, 2019 NC 12 Canal $ - $ - $ - $ 1,478.03 $ 1,478.03 
Coastal Storm 
Nov 16, 2019 

NC 12 Mirlo 
Beach $ - $ - $ - $ 863.02 $ 863.02 

Coastal Storm 
Nov 16, 2019 NC 12 Buxton $ - $ - $ - $ 693.81 $ 693.81 
February 6, 
2020 Rains NC 12 $ 743.79 L $ 352.48 $ - $ - $ 1,096.27 

TS Isaias  
$ 465.96 L 

$ 155.16 M $ 184.58 $ - $ - $ 805.70 
Sept 17 2020 

Severe 
Weather 

NC 12 Pea 
Island Bird 
Watching $ 29,862.50 L $ 14,772.44 $ 92,537.50 $ - $ 137,172.44 

Sept 17 2020 
Severe 

Weather 

NC 12 -
Rodanthe S- 

Curves $ 26,364.03 L $ 13,898.00 $ - $ - $ 40,262.03 

Total $ 1,300,113.78 
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Barrier Island Breaches 

In two locations, the barrier island was breached by Hurricane Irene in August 2011: just south of the 
freshwater ponds (Pea Island Breach) and at the north end of the town of Rodanthe (Rodanthe Breach). 
The evolution of these breaches during 2020 is shown in Figure 49 and Figure 50. The original breach 
configurations following Hurricane Irene are shown as dashed lines on the figures. Figure 49 shows Pea 
Island Breach shorelines digitized from available photography over the December 10, 2020 photograph. 
Similarly, Figure 50 presents the Rodanthe Breach shorelines digitized, over the December 10, 2020 
photography. The Pea Island Breach was closed for all of 2020, with the most seaward shoreline 
position measured in February 2020. The most landward shoreline position was observed in April, due 
to elevated water levels.  

The majority of the Rodanthe Breach (within the right of way) was filled by NCDOT shortly after its 
formation in order to repair the roadway, and the area is continuing to be monitored. The most 
seaward positions in this area were observed in February and August 2020. The April and June 
shorelines were generally the most landward shoreline positions observed.  



Evolution of the Pea Island Breach 
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: October 25, 2021
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Evolution of the Rodanthe Breach 
Prepared for the North Carolina Department of Transportation

Horizontal Datum: North Carolina State Plane Feet 1983 FIPS 3200
Orthophoto Date: December 10, 2020; Map Created: October 25, 2021
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4. TERMINAL GROIN MONITORING 

A subset of the Coastal Monitoring Program is the specific analysis of shoreline data as required by the 
easement (permit) for the Oregon Inlet Terminal Groin. Two permits have been issued for the groin, one 
in 1989 and a second in 2012.  

In 1989, prior to construction, a monitoring program was proposed and accepted to meet the 
requirements of the permit. Key elements of the program were: 1) the establishment of a historical 
shoreline change rate, 2) the determination of a project shoreline change rate every two months and 3) 
a comparison of the project rate to the historical rate to determine possible adverse impact. If the 
monitoring program determines that there is an increase in shoreline erosion above the background 
historical rates, then two thresholds for corrective beach nourishment have been established. 

These criteria are, in summary: 

1) If the erosion, in volume of sand (1 sq ft = 1 cu yd), exceeds the predicted loss in the 
amount of 250,000 cu yd in any one mile segment of the Pea Island monitoring area, or 

2) If the volume of erosion in any three mile segment of the monitoring area exceeds the 
predicted loss by 500,000 cu yd, and 

3) If either of these losses is confirmed through two consecutive two-month cycles of the 
monitoring program, then 

4) Beach nourishment will be scheduled by NCDOT with the minimum volume equaling 
that which is necessary to replace the excess erosion at the time of confirmation of need. 

A conversion of 1 square ft of beach surface to 1 cubic yd of beach volume is commonly used in coastal 
engineering design and reflects a vertical distance from the beach berm to a depth of closure of 27 ft. 

Under the conditions of the new terminal groin easement signed in August 2012, the historical rate must 
be reviewed in order to validate or update in light of climate change and related coastal processes. This 
review has been presented in a separate report to NCDOT (Overton 2014) and discussed at a number of 
meetings with NCDOT and US Fish and Wildlife Service. On April 6, 2018, a memo was received from the 
US Fish and Wildlife Service (included in the 2018 report) confirming the new methodology to determine 
the historical and project rates.  

The historical rate is now determined as a linear regression rate using shoreline data between October 
1968 and October 1988. The project rate is determined as a linear regression rate using shoreline data 
beginning in August 1992 to present. These rates are used along with the established methodology for 
determination of adverse impact.  

Unlike the previous sections, the terminal groin monitoring focuses on the first six miles of Hatteras 
Island immediately south of Oregon Inlet (Transects 170 to 381).  

Completed per the conditions of the August 2012 USFWS easement, the terminal groin monitoring 
results are presented in this section.   



 
82 

Historical Analysis 

The dates selected for the historical analysis are October 3, 1968 to October 9, 1988, inclusive of 
intermediate dates presented in Table 12. These dates have been selected following analysis (Overton 
2014) and multiple discussions with NCDOT and USFWS representatives. The early date of October 3, 
1968 was selected because it was in the 1960s as mentioned in the 2012 easement, and was also 6 years 
after the 1962 “Ash Wednesday” nor’easter, which had a dramatic impact on the barrier island 
morphology. The more recent date, October 9, 1988, was chosen because it is the most recent set taken 
prior to the March 1989 nor’easter, a storm that caused considerable erosion. The use of photography 
just after this storm had the potential to bias the historical erosion rate analysis to higher values. 

 

Table 12. Shoreline position data used for computation of historical shoreline change rate 

Date Shoreline Position Data Source 
10/3/1968 COASTS database 
6/4/1974 COASTS database 

12/2/1978 CERC-UVA Rectified photos  
10/21/1980 COASTS database 
9/19/1984 NCDOT Archive  
10/1/1986 COASTS database 
7/10/1987 CERC- UVA Rectified photos 
10/9/1988 NCDOT Archive  

 

 

Figure 51 shows the annual historical erosion rate based upon linear regression of shoreline position at 
each transect from October 1968 to October 1988. Transect 170 corresponds to mile zero reported in 
Figure 51, and Transect 381 corresponds to mile 6 (see Figure 1 for transect locations). In general, the 
historical erosion rate along this portion of Pea Island was relatively high, with a mean value of about 
12.7 ft/yr. The portion of the shoreline within the first mile of the old Coast Guard Station (closest to the 
inlet) was clearly the area of highest erosion, as one would expect near the inlet. In this area, the 
erosion rate has a maximum value of 36 ft/yr, and decreases to about 12 ft/yr approximately 1 mile 
south of the old Coast Guard Station. Rates increase to over 20 ft/year at the northernmost pond (mile 
2.6), with lower rates further south. 
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Figure 51. Annual Historical Erosion Rate: October 3, 1968 to October 9, 1988. 

 

Dates of Aerial Photography 

Shorelines digitized from the 2020 aerial photography (Table 1) were used along with other historical 
data in the following analysis.  

 

Shoreline Change Adjacent to the Terminal Groin 

An enlargement of the map of the northern end of Pea Island is shown in Figure 52 and Figure 53. Each 
figure shows the shoreline differences over a six month time span (December 2019 to June 2020, Figure 
52, and June 2020 to December 2020, Figure 53). Three shoreline positions are presented in each figure: 
the two between which differences are noted and the initial position prior to terminal groin 
construction (October 5, 1989). For the purpose of monitoring the impact of the terminal groin, the 
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study area begins at Transect 170, which cuts through the old US Coast Guard Station. However, 
approximately 2,000 ft of shoreline lies between the groin and Transect 170. While the change in 
shoreline in the vicinity of the groin is not included in the standard analysis of shoreline change, it is 
documented each survey period. Using Transect 170, the terminal groin, the October 5, 1989 shoreline, 
and the current shoreline as boundaries, it is possible to determine the net change in beach area since 
construction of the groin. The beach area between the terminal groin and transect 170 was essentially 
filled in by October 1992. At that time the area was approximately 51 acres. Since then, the beach area 
has varied, for the most part, between 50 and 70 acres, as seen in Figure 54. As of December 2020, the 
area between the groin and transect 170 was approximately 56 acres, while the greatest area in 2020 
was observed in August and was approximately 61 acres. 

 

Method of Analysis 

The method used to determine shoreline change rate has changed from endpoint in reports prior to 
2018, to linear regression. At each transect, the locations of all shoreline positions in the dataset from 
August 8, 1992 to present are used in a linear regression analysis. The shoreline change rate is the slope 
of the linear regression line at each transect. This establishes what is referred to as the “project rate,” 
which is then compared to the historical shoreline change rate. This allows for a comparison of the 
shoreline change observed during the project period (in this case, from August 8, 1992 through the end 
of calendar year 2020) as compared to the rate of the shoreline change during the period established for 
historical reference (between October 1968 and October 1988).  

In order to determine if there is any significant increase in erosion along the northern end of Pea Island, 
the one-mile and three-mile criteria have been established, as discussed previously. The one-mile 
threshold is 250,000 cu yd, while the three-mile threshold is 500,000 cu yd. The one-mile volume is 
calculated using 35 transects (approximately 5,250 ft), and the value is assigned to the transect at the 
mid-point of the section. Thus, the first value reported is for transect 187 (170 + 17).  

The three-mile volume calculations are made in a manner similar to the one-mile, with 106 transects 
(15,900 ft, or 3.01 miles) used as the distance. Again, the value used in reporting is assigned to the 
transect at the mid-point of the section. Therefore the first value is assigned to transect 223 (170+53). 
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Figure 52. Shoreline Change near the Terminal Groin, December 2019 to June 2020 
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Figure 53. Shoreline Change near the Terminal Groin, June 2020 to December 2020 
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Figure 54. Area of Accretion between Transect 170 and the Terminal Groin 

 

Project Erosion Rate 

Using the August 8, 1992 to December 10, 2020 data, the current project erosion rate is computed and 
compared with the previously reported historical erosion rate in Figure 55. The historical rate can be 
characterized by trends in three sections: in the first mile, the erosion rate was high with a peak of 36 
ft/yr and an average of 21 ft/yr. In the next three miles, the rate was approximately 13 ft/yr; in the last 
two miles, the average rate was 9 ft/yr. The trends of the current project rate can also be examined 
according to spatial variation along the project area. Within the first mile of the study area, the project 
rate and hence, shoreline position, is clearly influenced by the groin and any dredge disposal activity 
that has taken place. The project rate in this section is, on average, 2.9 ft/yr of accretion. In the next 
three miles of the study area, the current project rates are also less than the historical rates. The 
average project rate from mile 1 to 4 is 2.7 ft/yr of erosion. In the last two miles the average erosion 
rate is 3.0 ft/yr. The lower rates closer to the groin are due to the cyclic fluctuating shoreline caused by 
the presence of the terminal groin that traps sand, the ebb shoal bar which tends to refract the waves 
and reverse the direction of alongshore transport (to the north) and the occasional episodic supply of 
sand provided by the dredge disposal activities of the USACE. The project rate does not exceed the 
historical rate at any transect in the study area for 2020. 
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Figure 55. Comparison: Historical Erosion Rate and Project Erosion Rate for December 10, 2020 

One-Mile Volume Change Analysis  

The one-mile volume analyses for February 2020 through December 2020 are presented in Figure 56. 
The values are different from those in reports prior to 2018 because of the change in methodology for 
calculating the historical and project rates as of the 2018 report. Additionally, the values are similar from 
date to date because the linear regression project erosion rate does not change substantially during the 
year. The volume change everywhere is less than that predicted by the historical rates.  

Three-Mile Volume Change Analysis 

The three-mile volume analyses for February 2020 through December 2020 are presented in Figure 57. 
The values are different from those in earlier reports because of the change in methodology for 
calculating the historical and project rates, and volume change everywhere is less than that predicted by 
historical rates.  
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Figure 56. One-Mile Volume Change for 2020. 

 

Figure 57. Three-Mile Volume Change for 2020. 
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Terminal Groin Monitoring Summary and Conclusions 

As of December 10, 2020, the project erosion rate does not exceed the historical rate at any point in the 
first six miles south of the Oregon Inlet terminal groin. The one and three mile volume calculations are 
well below that which would be expected using the historical erosion rate. In summary, the construction 
of the groin does not appear to have caused an adverse impact to the shoreline over the six-mile study 
area. 

 
5. HIGHWAY VULNERABILITY CONCLUSIONS 

Figure 58 illustrates the changes in vulnerability throughout 2020, including values for each indicator as 
well as a composite of the three at each photo date. For the dates when no topographic data were 
obtained, the dune crest height corresponding to the previous photo date was used.  

In order to assess overall vulnerability at each transect during 2020, a composite of three of the primary 
criteria discussed in this report was created, and it is shown in Figure 59. The summary criteria were: 1) 
Island width (measured as distance from ocean to estuarine shoreline) less than 1000 ft; 2) Dune crest 
elevation less than 10 ft above NC 12; and 3) The critical buffer, where the NC 12 edge of pavement was 
within 230 ft of the present shoreline. In a change from previous reports, and based on feedback from 
meetings with NC DOT and US FWS, this figure shows the composite vulnerability based on the transect 
meeting the criterion at any point during the study year (i.e., if one transect met the island width 
criterion in February and the critical buffer criterion in December, it would be reported as having met 
two criteria during the study year). This change has led to an overall increase in the reported numbers of 
vulnerable transects. 

In reports between 2011 and 2017, the four transects within the original Pea Island Breach (and the 
associated temporary bridge) were excluded from the vulnerability analysis. NCDOT completed 
construction of a 0.5-mile interim structure in late 2017. Because the new structure is not intended as a 
long-term solution for the maintenance of NC 12, this analysis will continue to assess the distance 
between the edge of pavement (bridge) and the ocean shoreline within the interim bridge area. All 
transects are now being included in the composite vulnerability plots from the 2018 report and moving 
forward. 
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Figure 58. Composite NC 12 vulnerability along the study area at each photo date; note that for the 
June and December imagery, the dune crest height at the previous date was used because no 

topographic data were obtained. 
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Figure 59. Composite NC 12 vulnerability along the study area, considering criteria met during any of 
the photo dates in 2020. 

As determined by the established 230 ft critical buffer vulnerability criteria, there were 135 transect 
locations along NC 12 that were vulnerable in 2020, an increase from the number reported at the end of 
2019. The transects where the shoreline was located within the 230 ft buffer were Transects 198-249, 
Transects 259 to 275, Transects 280-315, Transects 540-547, and Transects 564 to 585. 

There were 37 transects at which the island widths were less than 1000 ft during the 2020 study year: 
Transects 188, 238-239 and 242-246 in the Canal Zone, Transects 408-416 and 421-426 south of the Pea 
Island Breach; 11 transects distributed between Transects 535 and 549 (narrow area north of Rodanthe, 
approximately miles 10.4 - 10.8); and Transects 568, 575 and 576 (approximately mile 11.5 near the 
southern refuge boundary).  
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There were 113 transects with dune crest elevations less than 10 ft above the NC 12 centerline elevation 
at some point in 2020. The transects with dune crest elevations less than 10 ft above the NC 12 
elevation are widely distributed over the study area, with the exception of the well-developed dune field 
in place from approximately miles 7.5 to 10.5 south of the Old Coast Guard Station.  

The areas of primary concern (meeting more than one of the criteria) as shown on Figure 59 were 
located in the Canal Zone, near the Pea Island Visitors Center between the north and center ponds, 
south of the Pea Island Breach, and in northern Rodanthe. This result is similar to results reported in 
past updates. 

Figure 60 presents a comparison of the vulnerability from the baseline report to the present (2020) 
report. These conditions are the conditions at the end of each study year. The transects that have been 
the most vulnerable throughout the study period are highlighted in red (Transects 244-245 and 
Transects 575-576). 

  



 
94 

 

Figure 60. Comparison of vulnerability from the baseline report to the 2020 report. Vulnerabilities 
reported at the end of each study year. 
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Introduction 

 

This report summarizes and graphically presents the results of nine years (4 quarterly 
sampling events per year) of monitoring the physical and ecological condition of the 
beach on Pea Island National Wildlife Refuge (PINWR) from the Terminal Groin to 
Mirlo Beach.   
 
In 2012, as a condition of the new easement for Retention and Maintenance of the 
Oregon Inlet Terminal Groin at Pea Island NWR, the North Carolina Department of 
Transportation Biological Surveys Group, (NCDOT BSG) implemented a monitoring 
program to provide the US Fish and Wildlife Service (USFWS) with data on the physical 
and biological attributes of the beach sand on PINWR.  This study encompasses the 
entire length of the Refuge beach, from the Terminal Groin to Rodanthe (Figure 1). 

http://www.ncdot.gov/


 
 

The purpose of this multi-year study is to monitor the environmental effects of the 
Terminal Groin and any future beach nourishment or other activities on Pea Island 
National Wildlife Refuge in Dare County, NC.  
 
Sampling was conducted quarterly; usually in January, April, July and October.  There 
are 64 total transects beginning at the terminal groin (TG) and continuing south every 0.2 
miles to the southern terminus of PINWR in Mirlo Beach.  The first transect is located 
0.1 mi south of the TG (numbered TG1), the 2nd 0.3 mi south of the TG (numbered TG2) 
and the third 0.5 mi south of the TG (numbered TG1, TG2, and subsequent transects will 
continue with odd numbers through transect T29 so that they coincide with existing 
PINWR data points).  Subsequent transects are located at 0.2 mi intervals (and numbered 
in sequence) to the southern boundary of the Refuge.    

 
 



 
 

Meteorological and Other Activities Affecting the PINWR Beach 

 

In August 2011 Hurricane Irene breached NC12 in two locations in the project area – in  
northern Rodanthe (the “Rodanthe breach”) approximately 12 miles south of Oregon 
Inlet and within the Pea Island National Wildlife Refuge (Refuge) approximately 6 miles 
south of Oregon Inlet (the new “Pea Island inlet”) (see Figure 1). NCDOT repaired the 
section of NC12 at the Pea Island inlet by installing a temporary bridge across the inlet. 
This temporary bridge was completed in October 2011.  The Rodanthe breach was filled 
using sand sources from Hatteras Island, and the NC12 roadway was repaired within 
the existing easement. Since then, this bridge has been replaced by an interim bridge over 
the Pea Island breach to provide for interim safe and reliable transportation while the 
long-term solution is re-evaluated and constructed.  
 
Hurricane Sandy, in October 2012, and two subsequent northeasters in November 2012 
caused extensive shoaling near the mouth of the Pea Island inlet. Overwash during  
Hurricane Sandy resulted in more than three miles of dunes being lost or severely 
damaged between Oregon Inlet and Rodanthe.  Repair work on NC12 including 
rebuilding the sandbag dune at the S-curves occurred between November 2012 and 
January 2013.  As of May 2013, the Pea Island Inlet closed as a result of naturally-
occurring coastal processes.  
 
From November to December 2013 sand was bypassed from a dredging operation in  
Oregon Inlet to the PINWR beach just south of the Terminal Groin.  Approximately  
581,000 cubic yards of sand were deposited on the Pea Island beach just south of the  
terminal groin. 
 
From May through October 2014 a beach nourishment project was conducted on the 
southern 2 miles of PINWR and further onto National Park Service beach property.  The 
sand sampling event occurred 1 week after the completion of the project and Transects 66 
thru 73 occur in the nourishment area (Figure 2). 
 
Hurricane Arthur, in July 2014, hit the outer banks, including Pea Island as a Category 2 
Hurricane. Hurricane Arthur caused the Inlet, that was originally opened by Hurricane 
Sandy, to re-open; however, flow in subsequent weeks was reduced to limited sheet flow 
during high tides and the inlet closed again.  
 
In the winters of 2015 and 2016, heavy Nor’easters hit Pea Island with 30-45mph winds 
and gusts in the upper 60+ mph range. The surf was approximately 12+ feet causing 
flooding and major washouts. Nor’easters are common during the winter, but many are 
not this intense.  
 
In September 2016, Hurricane Hermine hit as a tropical storm, with heavy rainfall. 
Directly following in October 2016 Hurricane Matthew brings record rainfall and 
devastating flooding to the area. Hurricane Matthew brought approximately 9.4 inches of 
rain and wind speeds reached 74mph.  
 
On September 18, 2017 Hurricane Jose passed the outer banks as a tropical storm with 
sustained winds of 85 mph, causing major flooding along PINWR and NC12. Although 



 
 

the strongest winds stayed offshore, with no direct hit to the outer banks, approximately 4 
inches of standing water was reported causing closures of NC12 through the PINWR.  
 
On September 26 and 27, 2017 Hurricane Maria downgraded to a tropical storm with 
sustained winds of 70 mph before hitting the outer banks of NC, including the PINWR. 
Maria brought high storm surges with flooding which led to the temporary closure of 
many roads in the area. At the time, because of the predicted damage due to high winds 
and a water level rise of at least 2-4 ft, an evacuation was recommended in this area.  
 
Winter Storm Riley affected the US East Coast in early March 2018 causing coastal 
flooding and beach erosion over multiple high tides prompting the closure of NC12 
through PINWR during these high tides. 
 
Tropical Strom Chris formed off the coast of North Carolina in early July 2018. This 
storm caused heavy rain and erosion. High swells from the storm affected multiple areas 
along the Outer Banks.  
 
Hurricane Florence, on September 14, 2018, brought winds up to 90 mph to the island 
with ocean overwash and a 13-foot storm surge. This contributed to dune erosion within 
PINWR. NCDOT closed N.C 12 between Hatteras Village and the Bonner Bridge noting 
multiple locations were impassable including areas near PINWR.  
 
Hurricane Michael was downgraded to a tropical storm as it passed through North 
Carolina on October 11 and 12, 2018. Gusts were observed as high as 74 mph in the 
northern Outer Banks including PINWR and water levels, from the storm surge, were 2-4 
feet above ground level.  
 
On September 6, 2019, Hurricane Dorian made landfall on Ocracoke Island and moved 
north over Hatteras Island causing severe beach erosion.  This storm also resulted in a 7ft. 
storm surge on the sound.  
 
October 11 and 13, 2019 Sub-Tropical storm Melissa hung offshore during a Harvest 
Moon tide for three to four days of high tide overwash of NC12,  burying the S-Curves 
area under approximately 5 ft of sand. The road was not compromised. 
 
On November 16 and 17, 2019 heavy winds, up to 45 mph, and rain caused sand 
overwash and flooding: the storm compromised NC12 causing closures from Marc 
Basnight Bridge (Oregon Inlet) to Rodanthe.  
 
In April of 2020, an unnamed storm brought heavy overwash and flooding along NC12.  
 
On August 4, 2020 Isaias made landfall as a Category 1 hurricane in Ocean Isle, NC but 
brought tropical-storm-force winds (48 mph sustained, and 63 mph gusts) and a 2-4 ft 
storm surge to Oregon Inlet. Flooding was reported along NC12. However, no overwash 
was reported.  
 
On September 21, 2020, a triple threat hit PINWR including: seasonal high tides, strong 
northeast winds and long wave forms from Hurricane Teddy, which was hundreds of 



 
 

miles off shore. These conditions caused overwash and dune losses along the refuge and 
closed several locations along NC12.   
 

 
April 2020. Flooding reported along NC12 during unnamed storm event.  

 
 

 
September 21, 2020. NC12 road closure in Mirlo Beach, NC.  



 
 

 
September 21, 2020. NC 12 road closure from storm event overwash and King tide.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

SAMPLING METHODS 
 

Macrobenthos 

The swash zone of a beach is a constantly changing and complex habitat that supports 
many species of organisms unique to shorelines.  Surf clams and mole crabs are two 
species that stand out as inhabitants of the surf zone. Both animals are extremely fast 
burrowers, able to rebury themselves almost as fast as they become exposed in shifting 
sands. The surf clam, also known as the coquina clam (Donax variabilis), is a filter feeder 
that uses its gills to filter microalgae, tiny zooplankton, and small particulates out of 
seawater. The mole crab (Emerita talpoida) is a suspension feeder that feeds by capturing 
zooplankton with its antennae.  Further up the beach, somewhat removed from intense 
wave action, is where the ghost crab (Ocypode quadrata) makes its home by burrowing 
into the sand (Dolan, et al. 2004).   
 
These organisms serve as excellent indicator species for estimating the overall physical  
conditions of sandy beaches as well as deviations from the natural state of these beaches.   
These two taxa (mole crabs and coquina clams) do not flourish when the beach sand is 
too coarse, too fine, or polluted.  Both have adapted to rapid physical changes in the 
swash-zone in order to maintain their positions in the beach to optimize feeding 
efficiency.  To ensure survival, these intertidal organisms must respond rapidly to the 
changes that beach nourishment introduces or perish.  Any changes to the beach that 
impact coquina clams and mole crabs have ecological impacts far beyond the swash zone 
(Dolan, et al. 2004). 
 
Finer sand with a heavier mineral content increases compaction which makes it harder for  
the clams and mole crabs to burrow in and out of the sand.  Decreases in the abundances 
of these animals, as well as ghost crabs, results in a loss to the base of the food chain on  
PINWR. 
 
 
Benthos Field Methods 

Three sand samples were taken from each transect at random locations within the swash  
zone.  In addition, a ghost crab burrow count was made in the upper beach area at the foot  
of the dunes.  To conduct these counts a 1-meter diameter hoop was randomly tossed 
three times in the area between the toe of the dune and the wrack line.  The number of 
crab burrows were counted from each toss and combined.  The benthic sand samples 
were taken using a cylindrical corer with internal diameter of 4” (PVC pipe), inserted 4” 
into the swash zone.  The resulting sample was then filtered through a 1mm mesh sieve to 
isolate the macrofauna.  The mole crab (Emerita spp.) individuals were measured for 
separation into size classes, enumerated and released.  Donax spp., amphipods and worms 
were enumerated and released.  The size classes for Emerita sp. are as follows: Small (1-
4mm), Medium (4-8mm), and Large (>8mm).  Physical data collected included water 
temperature, air temperature, wave height, salinity, sand bar distance offshore, and 
presence and height of erosion scarps on the beach face.  Digital photographs were taken 
at each transect during each sampling occurrence. 
 



 
 

 
Figure 2.  Location of Transects, Pea Island National Wildlife Refuge, Dare County, NC              
Within the 2014 Beach Nourishment Area. 
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Sand Sampling Introduction 

 

Sediments that comprise the beaches and barrier islands of the Outer Banks of NC can be  
described in three size classes: Coarse, consisting of sands and gravel (0.5mm up to 
2mm), medium (0.25mm to 0.5mm) and fine (grain size below 0.25mm) (Dolan et al, 
2004). Changes to beach sand size or color (mineral content) can affect its biological and  
ecological processes.  Darker sand will cause an increase in temperature that could affect  
turtle hatching and changes in sand coarseness will alter the distribution and density of 
the benthic community and could result in changes to beach slope and scarping if too 
much fine sand is deposited.  The sand used to nourish the beach at the project location 
must be compatible with regards to grain size and mineralogy to the indigenous sand of 
Pea Island. 
 
Sand Field Methods 

Each of the 64 transects has 4 sample locations for a total of 256 samples.  The upper 
beach sample was collected at the toe of the dune at a depth of 8-12 inches.  The upper 
swash surface sample was collected at the wet line.  The lower swash sample was 
collected half way between the upper and lower swash areas.  All swash samples were 
collected within 6 inches of the surface.  Samples and sample locations were identified by 
the site:  Transect (1 through 76) and location (toe of dune=D, upper-swash=C, mid-
swash=B, lower-swash=A).   
 
Compaction and the slope of the beach were measured from each transect just above the  
upper swash zone.  Each sand sample was analyzed for grain size and heavy mineral  
content. 
 
Compaction measurements were collected just above the upper-swash zone from the  



 
 

surface to 12-inches deep with a DICKEY-john Soil Compaction Tester.  Compaction  
measurements were recorded every three inches. According to United States Army Corp 
of Engineers personnel, this equipment (DICKEY-john Soil Compaction Tester) is  
commonly used for compaction testing in similar studies.  There is no ASTM method  
associated with the soil compaction tester.  Slope measurements were made using a  
Brunton™ compass placed on a 12-inch board.  The 12-inch board was oriented  
perpendicular to the water’s edge. 
 
Sand samples consisting of an amount equivalent to about ¼ cup of material were placed 
in sealable polyethylene bags for lab analysis.  Samples were submitted to the NCDOT  
Materials and Test Unit Soils laboratory for sieve analysis and to the North Carolina  
Geologic Survey for heavy mineral analysis. 
 

 
Collecting sand sample for grain size analysis 

 
Laboratory Testing 

 

Grain size analysis 

Samples were delivered to the NCDOT Soil Laboratory for sieve analysis in accordance  
with 1995 Standard Specifications.  The following sieve sizes were used for analysis. #4  
(4.75mm), #10 (2mm), #18 (1mm), #25 (0.75mm), #35 (0.5mm), #60 (0.25mm), #100  
(0.15mm), and #140 (0.106mm).  The samples were dried, split evenly and 
approximately 200 grams was weighed for sieve analysis.  Samples were washed over the 
# 200 sieve until the wash water ran clear, transferred to a sample container and placed in 
an oven to dry at a temperature of 230 degrees Fahrenheit.  Dried samples were then 
poured into the nest of required sieves and shaken for a short period of time.  The 
retained material on each individual sieve was weighed and recorded. 
 

 

 



 
 

Mean grain size was determined by calculating the mean of the 25th and 75th percentiles 
of the % of sand passing through each size sieve.  The 25th, 75th percentile were  
determined by graphing the % passing results of each sample per sieve size.  
 
 
 

 
Measuring compaction 

 
Laboratory Testing 

 
Minerals analysis 

The samples were analyzed by the North Carolina Geological Survey Lab and the  
UNC Geology lab.  Each of the two hundred and fifty-six (256) samples, per sampling  
event, was washed over a sieve with 62.5 micron, (4 phi (Ø), openings to remove salt 
water and any mud. The samples were then placed in a warm oven overnight until dry. 
The samples were reduced in size, with a sample splitter until a reasonably sized sub 
sample was obtained.  Each sample was transferred into a Pyrex dish, 88 mm in diameter,  
spread out until a single layer of mineral grains was obtained, and then examined with a  
binocular microscope at 10x.  Nine (9) random views were examined under the binocular  
microscope for each sample. The number of heavy mineral grains in each of the nine 
views was counted and recorded.  Volumetric estimates were performed on the percent of 
heavy minerals by comparing the views with standard area percentage diagrams. An 



 
 

average number of heavy minerals for each of the 256 samples was calculated.  An 
average percent of heavy minerals for each of the 256 samples was also calculated.   Five 
(5) samples were chosen at random and re-counted for quality control. The QC analyses 
were within 10% of the original counts.  Two (2) samples, per sampling event, were 
chosen and the heavy mineral content was identified to individual mineral species. The 
following minerals were identified: epidote, staurolite, garnet, kyanite, ilmenite, 
magnetite, zircon, tourmaline, rutile, and pyroxene/amphibole. Pyroxene and amphibole 
are grouped together due to difficulty in differentiating the separate minerals.  
 
 

RESULTS AND ANALYSIS 

 

Physical parameters and biological data were entered to an Excel spreadsheet after each  
sampling event.  Tabulated sample results and copies of the raw data were submitted to 
the Pea Island NWR biologist at the end of the sampling year.  An annual report will be 
submitted in hard copy and electronic format.   
 
Data will be analyzed according to methods in Dolan, 2004: Analysis of Changes in the  
Beach Sediment and Beach-face Organisms Associated with Sand Bypassing from the  
Oregon Inlet to Pea Island, North Carolina, 1990-2002. 
 
The graphs represented at the end of this document summarize the data collected in 2012 
through 2020. 
 
Beginning in 2018, three areas identified by the ongoing Coastal Monitoring Program as 
problem areas: The Canal Zone, the PI Inlet area and the Rodanthe S-Curves (Figures 3-
7), were separated out and the data were analyzed to determine if these areas were 
exhibiting any changes that may have been masked by the overall island analysis.  These 
graphs are presented after the overall analyses. 
 
Beginning in 2019, data was analyzed with a cubic function rather than a linear function. 
This function indicates an inverse relationship between grain size and species abundance. 
Generally, grain size distributions and species abundance across the study area were as 
expected with seasonal and long-term variations. The data also indicate that major storms 
have an influence over benthic numbers, but these numbers recover over time. 
 
When the three “trouble spots” were analyzed separately, the data indicated seasonal and 
long-term variations in congruence with the overall analysis. Although the relationship 
between grain size and abundance was different between each “trouble spot.” The 2019 
data indicated a strong inverse relationship between grain size and average abundance in 
the PI Inlet area, a weaker inverse relationship in the Canal Zone and a direct relationship 
at the Rodanthe S-Curve. The 2020 data still indicates a strong inverse relationship within 
the PI Inlet area, although the weaker inverse relationship has become a direct 
relationship within the Canal Zone and the Rodanthe S-Curve is beginning to show an 
inverse relationship between grain size and average abundance of species. The Inlet 
area’s average grain size, for the first time since 2014, did not exceed 1.00mm. As the 
average grain size began to fall the average abundance began to rise. Summer of 2020 
was the first survey that recorded an average grain size of over 1.00mm (1.08mm). This 



 
 

peak in the average grain size did not affect the rising average species trend. The average 
grain size at the Rodanthe S-Curve ranges from 0.91 to 1.16 is 2020. This rising trend in 
grain size was in correlation with a falling trend in the average abundance of species.  
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Fig.1 – Average number of species per season in the winter and spring of 2012-2020 

 

Fig.2 – Average number of species per season in the summer and fall of 2012-2020. 

R² = 0.7621

R² = 0.8273

0

1

2

3

4

5

6

7

8

9

10

2012 2013 2014 2015 2016 2017 2018 2019 2020

A
ve

ra
ge

 #
 o

f 
Sp

e
ci

e
s

Year of Survey

Average # of Species per Year Winter and Spring

Winter Total AVG Spring  Total AVG Winter Trend Spring Trend

R² = 0.0818

R² = 0.2228

0

10

20

30

40

50

60

2012 2013 2014 2015 2016 2017 2018 2019 2020

A
ve

ra
ge

 #
 o

f 
Sp

e
ci

e
s

Year of Survey

Average # of Species per Year Summer and Fall

Summer Total AVG Fall Total AVG Summer Trend Fall Trend



 

Fig.3 – Average species and total mean grain size comparison.  

 

Fig.4 – Total number of species observed during each survey.  
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Fig.5 – Total number of species observed per year.  

 

Fig.6 – The mean grain size compared to the average number of species observed per survey.  
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Fig.7 – The comparison between compaction and slope.  

 Note: January 2019 compaction data not available.  

 

Fig.8 – The comparison between the average number of species observed per survey and average compaction.   

Note: January 2019 compaction data not available.  
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Fig.9 – The comparison between the average percent heavy minerals and the average number of species found per

 survey. 

 Note: 2015-2019 heavy mineral sand analysis was performed using a different method.  

 

Fig.10 – The percent of primary heavy minerals observed in each survey.  
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Fig.11 – The percent of secondary heavy mineral observed in each survey.  

 

Fig.12 – Average species and total mean grain size comparison for the Canal Zone.  
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Fig.13 – Average species and total mean grain size comparison for the Pea Island Inlet Zone.  

 

Fig.14 – Average species and total mean grain size comparison for the Rodanthe S-Curve Zone.  
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2012 Sand Survey Statistics 

 

 
  2012 Statistics 

  VAR STD STE mean Min Max Range 
Avg. Grain 

Size  0.03 0.17 0.03 0.64 0.46 0.85 0.38 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.13 0.36 0.06 0.97 0.63 1.38 0.76 

Mean sand 
grain size 
mid swash 

(mm) 
0.04 0.19 0.03 0.67 0.54 0.96 0.41 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.01 0.10 0.02 0.39 0.30 0.54 0.24 

Mean sand 
grain size 

toe of dune 
(mm) 

0.01 0.10 0.02 0.36 0.28 0.51 0.23 

Total 
Benthos 1242991.6 1114.9 185.8 971.3 278.0 2618.0 2340.0 

Avg. 
Species 309.0 17.6 2.9 15.3 4.5 41.3 36.8 

Avg Slope 
Degrees 0.13 0.36 0.06 4.34 3.97 4.84 0.87 

Avg Comp 1193.26 34.54 5.76 172.73 144.04 222.97 78.93 
% HM 
Lower 
Swash 

0.16 0.40 0.07 0.95 0.63 1.50 0.88 

& HM Mid 
Swash 0.29 0.54 0.09 1.37 0.82 1.95 1.13 

% HM 
Upper 
Swash 

0.65 0.80 0.13 2.38 1.34 3.19 1.85 

% HM Dune 3.39 1.84 0.31 13.24 10.57 14.72 4.15 
Average 

%HM 0.08 0.28 0.05 4.49 4.21 4.86 0.65 

 
 
Table 1 – The 2012 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
  



2013 Sand Survey Statistics 

 

 
  2013 Statistics  

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.00 0.06 0.01 0.71 0.63 0.76 0.13 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.06 0.25 0.04 1.12 0.80 1.42 0.62 

Mean sand 
grain size 
mid swash 

(mm) 
0.00 0.04 0.01 0.73 0.70 0.79 0.09 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.01 0.11 0.02 0.49 0.39 0.63 0.24 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.02 0.00 0.32 0.29 0.34 0.05 

Total 
Benthos 981732.3 990.8 165.1 824.8 118.0 2245.0 2127.0 

Avg. 
Species 239.0 15.5 2.6 13.0 1.9 35.1 33.2 

Avg Slope 
Degrees 1.61 1.27 0.21 4.37 3.31 6.20 2.89 

Avg Comp 5470.91 73.97 12.33 195.82 99.72 266.08 166.37 
% HM 
Lower 
Swash 

0.07 0.27 0.05 0.83 0.52 1.17 0.65 

& HM Mid 
Swash 0.05 0.23 0.04 0.91 0.61 1.12 0.51 

% HM 
Upper 
Swash 

0.12 0.34 0.06 1.74 1.30 2.12 0.82 

% HM Dune 14.65 3.83 0.64 9.68 6.46 15.15 8.69 

Average 
%HM 0.98 0.99 0.17 3.29 2.48 4.71 2.23 

 

 
Table 2 – The 2013 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
 

 
  



2014 Sand Survey Statistics 
 

 
  2014 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.12 0.02 0.80 0.64 0.89 0.25 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.08 0.29 0.05 1.31 0.94 1.59 0.65 

Mean sand 
grain size 
mid swash 

(mm) 
0.05 0.22 0.04 0.78 0.59 1.09 0.51 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.03 0.17 0.03 0.54 0.39 0.78 0.39 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.01 0.00 0.35 0.34 0.36 0.03 

Total 
Benthos 303399.0 550.8 91.8 423.5 17.0 1191.0 1174.0 

Avg. 
Species 77.1 8.8 1.5 6.8 0.2 18.9 18.7 

Avg Slope 
Degrees 1.06 1.03 0.17 4.16 2.73 5.18 2.45 

Avg Comp 322.98 17.97 3.00 169.12 145.47 186.66 41.19 
% HM 
Lower 
Swash 

0.01 0.10 0.02 1.07 0.92 1.14 0.23 

& HM Mid 
Swash 0.05 0.22 0.04 1.04 0.74 1.25 0.52 

% HM 
Upper 
Swash 

2.59 1.61 0.27 2.62 1.23 4.52 3.29 

% HM Dune 0.27 0.52 0.09 6.18 5.74 6.75 1.01 

Average 
%HM 0.21 0.46 0.08 2.73 2.29 3.13 0.84 

 
 
Table 3 – The 2014 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   

 

  



2015 Sand Survey Statistics 

 

 
  2015 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.02 0.13 0.02 0.79 0.63 0.90 0.27 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.12 0.34 0.06 1.23 0.80 1.61 0.81 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.12 0.02 0.80 0.68 0.96 0.28 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.03 0.18 0.03 0.57 0.41 0.81 0.40 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.02 0.00 0.35 0.34 0.38 0.04 

Total 
Benthos 1039432.9 1019.5 169.9 671.8 47.0 2191.0 2144.0 

Avg. 
Species 270.4 16.4 2.7 10.8 0.8 35.3 34.6 

Avg Slope 
Degrees 1.97 1.40 0.23 5.23 3.93 7.19 3.26 

Avg Comp 5664.01 75.26 12.54 150.30 55.81 228.91 173.09 
% HM 
Lower 
Swash 

3.89 1.97 0.33 2.46 0.76 4.66 3.90 

& HM Mid 
Swash 3.39 1.84 0.31 2.53 0.91 4.53 3.61 

% HM 
Upper 
Swash 

3.50 1.87 0.31 3.03 1.05 5.29 4.24 

% HM Dune 62.15 7.88 1.31 10.15 5.10 21.89 16.79 

Average 
%HM 3.02 1.74 0.29 2.58 0.87 4.98 4.11 

 
 
Table 4 – The 2015 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
 
  



2016 Sand Survey Statistics 

 

 
  2016 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.02 0.16 0.03 0.73 0.55 0.88 0.33 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.13 0.35 0.06 1.14 0.75 1.53 0.77 

Mean sand 
grain size 
mid swash 

(mm) 
0.06 0.23 0.04 0.78 0.51 1.08 0.57 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.01 0.10 0.02 0.48 0.39 0.57 0.18 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.03 0.00 0.34 0.31 0.36 0.06 

Total 
Benthos 1672001.7 1293.1 215.5 855.5 62.0 2771.0 2709.0 

Avg. 
Species 434.4 20.8 3.5 13.8 1.0 44.7 43.7 

Avg Slope 
Degrees 2.07 1.44 0.24 4.34 2.85 6.15 3.29 

Avg Comp 5973.63 77.29 12.88 143.95 49.11 222.44 173.34 
% HM 
Lower 
Swash 

13.04 3.61 0.60 3.86 0.81 8.03 7.21 

& HM Mid 
Swash 17.10 4.14 0.69 4.42 0.89 9.07 8.18 

% HM 
Upper 
Swash 

49.30 7.02 1.17 8.38 2.58 17.42 14.84 

% HM Dune 126.30 11.24 1.87 13.74 4.60 28.74 24.14 

Average 
%HM 0.47 0.69 0.11 1.85 1.09 2.52 1.43 

 
 
Table 5 – The 2016 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
  



2017 Sand Survey Statistics 

 

 
  2017 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.09 0.02 0.78 0.67 0.87 0.19 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.05 0.22 0.04 1.10 0.83 1.32 0.49 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.10 0.02 0.74 0.60 0.84 0.24 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.00 0.07 0.01 0.51 0.45 0.61 0.16 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.03 0.00 0.35 0.33 0.39 0.05 

Total 
Benthos 620117.6 787.5 131.2 727.3 45.0 1801.0 1756.0 

Avg. 
Species 160.5 12.7 2.1 11.7 0.7 29.0 28.3 

Avg Slope 
Degrees 0.21 0.46 0.08 3.83 3.32 4.32 1.00 

Avg Comp 453.37 21.29 3.55 164.87 145.36 191.88 46.51 
% HM 
Lower 
Swash 

15.60 3.95 0.66 4.61 0.87 10.19 9.32 

& HM Mid 
Swash 16.38 4.05 0.67 5.99 1.14 11.05 9.91 

% HM 
Upper 
Swash 

16.22 4.03 0.67 7.49 1.49 9.80 8.31 

% HM Dune 34.09 5.84 0.97 17.52 11.28 22.61 11.33 

Average 
%HM 12.20 3.49 0.58 8.92 3.69 10.98 7.29 

 
 
Table 6 – The 2017 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
  



2018 Sand Survey Statistics 
 

 
  2018 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.10 0.02 0.70 0.59 0.79 0.20 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.21 0.46 0.08 1.29 0.79 1.76 0.97 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.09 0.02 0.60 0.47 0.70 0.23 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.00 0.06 0.01 0.50 0.46 0.59 0.13 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.02 0.00 0.43 0.41 0.45 0.04 

Total 
Benthos 130528.9 361.3 60.2 329.3 10.0 825.0 815.0 

Avg. 
Species 35.1 5.9 1.0 5.4 0.2 13.5 13.4 

Avg Slope 
Degrees 1.78 1.33 0.22 4.60 3.47 6.53 3.06 

Avg Comp 125.54 11.20 1.87 180.66 163.93 187.06 23.13 
% HM 
Lower 
Swash 

0.54 0.73 0.12 1.25 0.64 2.29 1.65 

& HM Mid 
Swash 2.18 1.48 0.25 1.87 0.97 4.07 3.09 

% HM 
Upper 
Swash 

3.84 1.96 0.33 2.44 0.98 5.24 4.25 

% HM Dune 53.66 7.33 1.22 13.75 6.14 22.11 15.97 

Average 
%HM 6.97 2.64 0.44 4.83 2.31 8.43 6.12 

 
 
Table 7 – The 2018 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
  



2019 Sand Survey Statistics 

 

 
  2019 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.05 0.21 0.04 0.78 0.58 1.02 0.45 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.35 0.59 0.10 1.31 0.63 1.96 1.33 

Mean sand 
grain size 
mid swash 

(mm) 
0.02 0.14 0.02 0.69 0.55 0.89 0.33 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.04 0.19 0.03 0.64 0.46 0.83 0.38 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.06 0.01 0.49 0.44 0.58 0.14 

Total 
Benthos 2667603.0 1633.3 272.2 1223.5 7.0 3590.0 3583.0 

Avg. 
Species 716.9 26.8 4.5 20.1 0.1 58.9 58.7 

Avg Slope 
Degrees 6.59 2.57 0.43 5.10 1.36 6.84 5.48 

Avg Comp 37102.27 192.62 32.10 199.82 53.56 418.06 364.51 
% HM 
Lower 
Swash 

4.38 2.09 0.35 2.83 0.81 5.65 4.83 

& HM Mid 
Swash 2.77 1.66 0.28 1.84 0.70 4.30 3.60 

% HM 
Upper 
Swash 

0.83 0.91 0.15 1.74 0.81 2.55 1.74 

% HM Dune 1.19 1.09 0.18 1.88 0.75 3.29 2.54 

Average 
%HM 1.94 1.39 0.23 2.07 0.77 3.95 3.18 

 

 

Table 8 – The 2019 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
 

  



2020 Sand Survey Statistics 

 

 
  2020 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.09 0.02 0.73 0.67 0.87 0.20 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.15 0.39 0.07 1.07 0.64 1.55 0.91 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.12 0.02 0.71 0.60 0.87 0.28 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.01 0.08 0.01 0.54 0.46 0.62 0.16 

Mean sand 
grain size 

toe of dune 
(mm) 

0.05 0.22 0.04 0.62 0.41 0.84 0.43 

Total 
Benthos 14789.1 121.6 20.3 111.0 15.4 288.9 273.4 

Avg. 
Species 211.9 14.6 2.4 58.7 38.7 71.2 32.5 

Avg Slope 
Degrees 1.08 1.04 0.17 5.30 4.07 6.59 2.53 

Avg Comp 475.21 21.80 3.63 175.99 143.88 190.96 47.08 
% HM 
Lower 
Swash 

0.03 0.17 0.03 0.64 0.45 0.87 0.42 

& HM Mid 
Swash 0.01 0.10 0.02 0.87 0.75 0.98 0.22 

% HM 
Upper 
Swash 

0.15 0.39 0.06 1.37 1.02 1.74 0.73 

% HM Dune 4.06 2.01 0.34 6.21 3.95 8.23 4.28 

Average 
%HM 0.26 0.51 0.09 2.27 1.62 2.73 1.11 

 
 
Table 9 – The 2020 statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
    ranges of the mineral and benthic data collected from each survey (winter, spring, summer, fall).   
  



Winter 2012-2020 Sand Survey Statistics 

 

  Winter 2012-2020 Statistics  

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.03 0.18 0.03 0.74 0.54 1.02 0.48 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.17 0.42 0.06 1.13 0.71 1.96 1.25 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.12 0.02 0.68 0.51 0.89 0.38 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.03 0.16 0.02 0.51 0.37 0.81 0.44 

Mean sand 
grain size 

toe of dune 
(mm) 

0.00 0.07 0.01 0.36 0.28 0.47 0.19 

Total 
Benthos 7245.78 85.12 12.16 79.44 7.00 278.00 271.00 

Avg. 
Species 24.33 4.93 0.70 2.79 0.11 15.43 15.31 

Avg Slope 
Degrees 1.30 1.14 0.16 3.93 1.36 5.13 3.77 

Avg Comp 3272.84 57.21 8.17 132.99 49.11 187.97 138.86 
% HM 
Lower 
Swash 

6.90 2.63 0.38 2.31 0.45 8.03 7.58 

% HM Mid 
Swash 9.22 3.04 0.43 2.75 0.70 9.07 8.37 

% HM 
Upper 
Swash 

14.67 3.83 0.55 3.56 0.81 10.45 9.64 

% HM Dune 51.76 7.19 1.03 13.60 0.75 22.40 21.65 

Average 
%HM 9.49 3.08 0.44 3.60 0.77 10.50 9.73 

 

 
Table 10 – The statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
      ranges of the mineral and benthic data collected from each winter survey between 2012-2020. 

 
  



Spring 2012-2020 Sand Survey Statistics 

 

  Spring 2012-2020 Statistics  

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.10 0.02 0.78 0.65 0.89 0.24 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.10 0.31 0.05 1.30 0.88 1.61 0.72 

Mean sand 
grain size 
mid swash 

(mm) 
0.02 0.15 0.03 0.81 0.65 1.09 0.44 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.01 0.11 0.02 0.58 0.46 0.83 0.37 

Mean sand 
grain size 

toe of dune 
(mm) 

0.02 0.14 0.02 0.43 0.32 0.77 0.45 

Total 
Benthos 26219.75 161.93 26.99 211.00 30.00 564.00 534.00 

Avg. 
Species 676.25 26.00 4.33 11.34 0.47 80.57 80.10 

Avg Slope 
Degrees 0.42 0.64 0.11 4.27 3.58 5.45 1.87 

Avg Comp 1140.74 33.77 5.63 165.43 115.85 222.97 107.12 
% HM 
Lower 
Swash 

0.88 0.94 0.16 1.35 0.63 3.69 3.06 

% HM Mid 
Swash 2.71 1.65 0.27 1.55 0.82 5.92 5.10 

% HM 
Upper 
Swash 

7.96 2.82 0.47 2.91 1.05 9.80 8.75 

% HM Dune 40.43 6.36 1.06 8.92 1.37 22.61 21.24 

Average 
%HM 7.34 2.71 0.45 3.68 1.32 10.50 9.18 

 
 
Table 11 – The statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
      ranges of the mineral and benthic data collected from each spring survey between 2012-2020. 
  



Summer 2012-2020 Sand Survey Statistics 

 

  Summer 2012-2020 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.01 0.09 0.01 0.73 0.63 0.87 0.24 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.11 0.33 0.06 1.07 0.64 1.76 1.12 

Mean sand 
grain size 
mid swash 

(mm) 
0.01 0.10 0.02 0.63 0.47 0.78 0.31 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.00 0.07 0.01 0.44 0.36 0.59 0.23 

Mean sand 
grain size 

toe of dune 
(mm) 

0.03 0.16 0.03 0.43 0.32 0.84 0.52 

Total 
Benthos 687679.75 829.26 138.21 2139.33 825.00 3590.00 2765.00 

Avg. 
Species 7366.08 85.83 14.30 62.84 13.52 288.86 275.33 

Avg Slope 
Degrees 2.16 1.47 0.25 5.68 2.73 7.19 4.46 

Avg Comp 1321.19 36.35 6.06 173.68 114.81 239.62 124.81 
% HM 
Lower 
Swash 

9.78 3.13 0.52 3.14 0.59 10.19 9.59 

% HM Mid 
Swash 11.82 3.44 0.57 3.51 0.87 11.05 10.18 

% HM 
Upper 
Swash 

25.73 5.07 0.85 5.42 1.02 17.42 16.40 

% HM Dune 78.60 8.87 1.48 11.65 2.12 28.74 26.61 

Average 
%HM 10.79 3.29 0.55 4.46 1.47 10.98 9.52 

 
 
Table 12 – The statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
      ranges of the mineral and benthic data collected from each summer survey between 2012-2020. 
  



Summer 2012-2020 Sand Survey Statistics 

 

  Fall 2012-2020 Statistics 

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.02 0.13 0.02 0.72 0.46 0.88 0.41 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.12 0.35 0.06 1.18 0.63 1.55 0.93 

Mean sand 
grain size 
mid swash 

(mm) 
0.02 0.16 0.03 0.77 0.60 1.08 0.48 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.02 0.13 0.02 0.53 0.30 0.78 0.48 

Mean sand 
grain size 

toe of dune 
(mm) 

0.01 0.09 0.01 0.38 0.32 0.58 0.26 

Total 
Benthos 56211.44 237.09 39.51 594.22 324.00 1010.00 686.00 

Avg. 
Species 283.88 16.85 2.81 15.45 5.23 59.29 54.06 

Avg Slope 
Degrees 1.42 1.19 0.20 4.46 2.85 6.84 3.98 

Avg Comp 2193.40 46.83 7.81 185.81 111.23 266.08 154.85 
% HM 
Lower 
Swash 

2.60 1.61 0.27 1.42 0.52 5.65 5.12 

% HM Mid 
Swash 1.26 1.12 0.19 1.46 0.61 4.30 3.69 

% HM 
Upper 
Swash 

0.36 0.60 0.10 1.97 1.19 2.80 1.61 

% HM Dune 6.71 2.59 0.43 6.87 3.29 11.28 7.99 

Average 
%HM 0.63 0.80 0.13 2.93 2.12 4.21 2.09 

 
 
Table 13 – The statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, and 
      ranges of the mineral and benthic data collected from each fall survey between 2012-2020. 

 

  



Overall Sand Survey Statistics Between Seasons 

2012-2020 

 

      
Overall Stats Between Seasons 2012-
2020 

    

  VAR STD STE mean Min Max Range 

Avg. Grain 
Size  0.02 0.13 0.01 0.74 0.46 1.02 0.56 

Mean sand 
grain size 

lower 
swash 
(mm) 

0.12 0.35 0.01 1.17 0.63 1.96 1.34 

Mean sand 
grain size 
mid swash 

(mm) 
0.02 0.15 0.01 0.72 0.47 1.09 0.62 

Mean sand 
grain size 

upper 
swash 
(mm) 

0.02 0.13 0.01 0.52 0.30 0.83 0.53 

Mean sand 
grain size 

toe of dune 
(mm) 

0.01 0.12 0.00 0.40 0.28 0.84 0.57 

Total 
Benthos 870562.11 933.04 38.88 756.00 7.00 3590.00 3583.00 

Avg. 
Species 2471.35 49.71 2.07 23.11 0.11 288.86 288.74 

Avg Slope 
Degrees 1.65 1.29 0.05 4.58 1.36 7.19 5.83 

Avg Comp 2144.84 46.31 1.93 165.38 49.11 266.08 216.98 
% HM 
Lower 
Swash 

5.16 2.27 0.09 2.06 0.45 10.19 9.73 

% HM Mid 
Swash 6.47 2.54 0.11 2.32 0.61 11.05 10.44 

% HM 
Upper 
Swash 

12.77 3.57 0.15 3.47 0.81 17.42 16.61 

% HM Dune 47.36 6.88 0.29 10.26 0.75 28.74 27.99 

Average 
%HM 6.76 2.60 0.11 3.67 0.77 10.98 10.22 

 
 
Table 14 – The overall statistics analyzing the variance, standard deviation, standard error, mean, minimum, maximum, 
      and ranges of the mineral and benthic data collected from each survey between 2012-2020. 

 

 



 
  

 
 
 
March 10, 2021 
 
Mr. Tyler Stanton 
North Carolina Department of Transportation  
1020 Birch Ridge Drive Raleigh, NC 27610 
 
Re:  B-2500 - Bonner Bridge - Submerged Aquatic Vegetation and Marsh Survey 

Findings Report for 2020 
 
Dear Mr. Stanton,  

RK&K is pleased to provide you with this findings-report from the 2020 submerged aquatic vegetation (SAV) and marsh 
survey for Bonner Bridge. 
 
Project Area Description 
In order to evaluate any potential changes to the cover of habitats adjacent to the Herbert C. Bonner Bridge (Bonner Bridge) 
at Oregon Inlet, North Carolina, a short-term, aerial imagery-based submerged aquatic vegetation (SAV) and marsh 
monitoring program was established with the purpose of determining the change in cover of SAV and marsh habitats over 
the course of time. The first year of this monitoring effort was in 2019 and this report is the completion of the 2020 
monitoring year. The North Carolina Department of Transportation (NCDOT) contracted Rummel Klepper and Kahl (RK&K) 
to lead this monitoring program. In 2019, CSA Ocean Sciences Inc. (CSA) was subcontracted by RK&K to support the data 
classification for delineation of SAV and marsh areas based off aerial-based datasets. For the 2020 interpretation, RK&K 
performed the data classification for delineation of SAV and marsh areas based off aerial-based datasets. The 2019 surveys 
were taken as demolition of the Bonner Bridge was occurring, which began in March 2019. The demolition was complete 
before the May 2020 flight monitoring began. Initial data collection for the monitoring program occurred in May 2019 and 
was followed by a second data collection in September 2019. Data collection resumed in 2020 with monitoring flights in 
May and September.  This report presents the results of the aerial photo interpretations performed in 2020 with a 
comparison to the original dataset. 
 
Project Methodology  
The SAV and marsh monitoring program for the Bonner Bridge included delineation of SAV and marsh cover from aerial 
imagery collected in May and September of 2019 and 2020. The 2020 imagery series allows change analyses of SAV and 
marsh cover after the demolition of the Bonner Bridge in comparison to the 2019 imagery series that was taken before 
the completion of the bridge demolition. This change analysis will help determine shade related impacts/recovery with 
removal of Bonner Bridge and construction of the Basnight Bridge.  
 
The SAV and marsh delineation study area comprises a 600-ft wide corridor centered on the Bonner Bridge centerline. 
The study area encompasses 116.02 acres located at the northern end of the bridge where water depths were shallow 
enough to allow the growth of these habitats. SAV and marsh acreages were assessed separately within the study area. 
Aerial imagery datasets of the study area were collected in May and September of 2019 and 2020. For the 2019 aerial 
imagery datasets, CSA performed the interpretation for the Bonner Bridge site using geographic information systems 
(GIS). For the 2020 aerial imagery datasets, RK&K performed this task.  
 
Project Results 
The SAV assessment revealed a slightly higher area for SAV in May 2019 as compared to September 2019 (Table 1). This 
was unexpected based on the timing of the first survey, which began during growing season for SAV and marsh vegetation 
that occurs in early summer. Although this was unexpected, this trend continued in the 2020 season (Table 1). It is worth 
noting that Hurricane Dorian impacted this area on September 6, 2019 and Tropical storms Arthur and Fay impacted this 
area on May 20, 2020 and July 9, 2020, respectively. These events may have affected the SAV growing seasons.  



 

 
During the May 2019 survey, 29.11 acres of marsh was delineated due to the presence of shadows or temporary work 
bridges within the marsh area adjacent to the Bonner Bridge and the newly constructed Basnight Bridge. Between May 
and September, the temporary work bridges and a portion of the Bonner Bridge were removed, exposing the marsh 
underneath. This resulted in the increased acreage of marsh observed in September (30.61 ac). Therefore, the marsh 
acreage for May 2019 in Table 2 is an underestimate. Bonner Bridge was completely removed before the May 2020 flight 
monitoring, resulting in a higher acreage of marsh area for both the May and September 2020 surveys in comparison to 
the 2019 survey (Table 2).  
 
In conclusion, there were similar acreages in marsh land during May and September, after the demolition of Bonner 
Bridge in 2020. SAV coverage was also similar between the May and September 2020 surveys with only 0.15 acres 
difference (Table 1).  No shadows impeded either survey in 2020 and SAV and marsh land were likely underestimated in 
2019 due to shadows as well as the deconstructions of the Bonner Bridge. A continuance of the aerial flight monitoring in 
2021 would give us a better understanding of SAV and marsh growth or reduction following the demolition of Bonner 
Bridge.   
 

Table 1. SAV Area by Year 

Year May SAV Coverage (acres) September SAV Coverage (acres) 
2019 5.29* 4.52* 

2020 7.05 6.90 
*SAV in bridge shadow was not assessed via aerial imagery 
 

Table 2. Marsh Area by Year 

Year May Marsh 
Coverage (acres) 

May Marsh Coverage 
Bonner Dripline Only 

(acres) 

September Marsh 
Coverage (acres) 

September Marsh 
Coverage Bonner 

Dripline Only (acres) 
2019 29.11 X* 30.61 0.21 

2020 31.91 1.38 31.86 1.38 
*Bonner Bridge demolition not started 

 
Figures 1 – 3 show the project study area, May and September 2020 monitoring data, and a May vs. September 
comparison. 
 
Please let us know if you have any questions concerning our findings.  We appreciate the opportunity to provide you 
with these services. 
 
 
Sincerely,  
 

 
 
 

Pete Stafford, PWS 
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Figure 1.     GIS-based SAV and marsh interpretation from aerial imagery from May 2020                   for then Bonner Bridge study area. 
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Figure 2.     GIS-based SAV and marsh interpretation from aerial imagery from September                        2020 for then Bonner Bridge study area. 
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Figure 3.    Comparative GIS-based SAV and marsh interpretations from aerial imagery                              from May versus September 2020 for the Bonner Bridge study area. 
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BACKGROUND 
In order to evaluate potential impacts of the Rodanthe Bridge on submerged aquatic vegetation (SAV), a 
long-term SAV monitoring and mitigation program has been established, with baseline data collection 
initiated in 2018 (CSA, 2018). The North Carolina Department of Transportation (NCDOT) contracted 
Rummel Klepper and Kahl (RK&K) to lead this assessment. CSA Ocean Sciences Inc. (CSA) was 
subcontracted by RK&K to support the monitoring survey design and perform delineation of SAV cover 
from aerial imagery provided by RK&K. RK&K also conducted in situ SAV coverage and abundance 
surveys for which CSA provides reporting services. This report also serves as the After Action report for 
the fall 2020 survey.  

METHODS 
SAV monitoring began in May 2018 and has been repeated on a twice annual basis, with surveys in 
spring and fall through September 2020 to date. Henceforth, the monitoring schedule will remain the 
same, with surveys conducted twice annually (spring and fall) and will end in 2025 or five years 
post-construction as per permit conditions. This time period allowed 3 baseline monitoring events 
(Spring 2018, Fall 2018, Spring 2019) prior to bridge construction (initiated in summer 2019) and 
3 during-construction monitoring events to date (Fall 2019, Spring 2020, and Fall 2020). Construction is 
still in progress and once complete, monitoring will continue 5 years post-construction, thus capturing 
any direct impacts of the construction process and subsequent impacts to SAV, particularly from 
shading.  

The monitoring area includes the proposed bridge dripline1, forecasted adjacent shading areas, and 
reference areas (Figure 1). Specific study area width will be determined after the initial bridge shadow 
modeling has been completed, using the recently developed Shading Tool2. Currently, the study area 
has been organized into the following five strata based on an initial rough estimate of the potential 
bridge shadow width3:  

1. Bridge dripline (42 feet wide) centered on the bridge alignment; 
2. Potential shading area east (200 feet east of dripline); 
3. Potential shading area west (200 feet west of dripline); 
4. Reference area east (100 feet east of shading area); and 
5. Reference area west (100 feet west of shading area). 

 
1 Area directly under the bridge; conceptualized as the point where water dripping from the sides of bridge would land on the 
water surface. 
2 CSA Ocean Sciences Inc. 2019. CSA Ocean Sciences Inc. (CSA). 2019. Shadow toolbox user manual. ST_01_ver02. Submitted to 
Rummel, Klepper and Kahl, Raleigh, North Carolina. June 2019. CSA Document number CSA-RKK-NCDOT-FL-19-80763-3289-06-
REP-01-VER02. 
3 Using a freely available website (https://planetcalc.com/1875/ [last accessed 13 January 2021]), a latitude of 35 degrees, 
45 seconds (N) and a longitude of 75 degrees and 33 minutes (W) and a day of the year of December 21st at 4pm (solstice 
setting sun) a sun angle of 8.05 degrees was computed. Using the formula L = h/tana where L = shadow length, h = bridge 
height (here 24 feet) and a = solar angle, and shadow length of 170 feet was computed. This was rounded up to 200 feet as a 
conservative estimate of the extreme distance affected by the bridge’s shadow. 

https://planetcalc.com/1875/
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Figure 1. Project area and strata with field survey transects and BBL quadrat locations for Rodanthe 

Bridge corridor submerged aquatic vegetation (SAV) monitoring for fall 2020.  
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SAV monitoring had two primary components: data acquisition to build a geospatially accurate map of 
SAV resources across all survey strata and a field survey of SAV status. RKK provided spring and fall 
datasets in 2018, 2019, and 2020 for interpretations. Datasets were collected in May and September 
2018, May 2019 and November 20194, and May and September 2020 (Table 1). The datasets were 
mosaicked by RK&K and provided to CSA for SAV interpretation. In association with each aerial imagery 
survey, field-based SAV status surveys were conducted for percent cover of the seafloor by SAV 
(Table  1). 

Table 1. Submerged aquatic vegetation (SAV) surveys performed to date in relation to the status of 
construction for the Rodanthe Bridge Project. 

Survey No. Construction Progress Survey Name Aerial Acquisition Date Field Survey Date 
1 Pre-Construction Spring 2018 May 2018 July 2018 
2 Pre-Construction Fall 2018 September 2018 October 2018 
3 Pre-Construction Spring 2019 May 2019 May 2019 
4 During-Construction Fall 2019 November 2020 September 2019 
5 During-Construction Spring 2020 May 2020 June 2020 
6 During-Construction Fall 2020 September 2020 September 2020 

 

For the field survey component, randomized sampling of broad SAV beds and smaller patches as well as 
bed boundaries in the dripline strata, shading strata, and the reference strata was performed to ground 
truth SAV targets. A total of 200 points were selected by CSA analysts to clarify the imagery (identified in 
the field as SAV or sand) and ultimately produce a confusion table to document accuracy of the SAV 
delineation process (e.g., errors of Omission and Commission).  

In addition, to provide a baseline for shading effects, 30 equally spaced transects (75 m apart) were 
placed centered on and running perpendicular to the bridge, extending through the dripline strata, 
across the shading strata and on to the distal end of the reference areas which lie beyond the shading 
strata on either side (east or west) of the bridge (Figure 1). Line intercept and Braun-Blanquet (BBL) 
quadrat surveys were both performed along all 30 transects. (During the September 2019 survey, line 
intercept data were collected along all 30 transects, however, due to bridge construction and safety 
concerns, BBL quadrat surveys were not performed on the southernmost 3 transects [Transects 1 to 3]).  

Along each transect, quadrat surveys were performed at approximately 10 m increments, numbering 
20 quadrats per transect for a total of 600 quadrats per survey (the number of stations may eventually 
be adjusted based on a revised shadow length determined by the Shading Tool). These quadrats provide 
a fine scale estimation of the abundance of the SAV species both on a specific (values taken only within 
the confines of the SAV bed) and areal (values taken irrespective of SAV presence) basis. The first three 
quadrat stations from either end of the transect were reference stations, the next six in from either side 
were within the predicted shading area and the middle two were under the dripline of the proposed 
bridge location. These surveys were augmented by line intercept surveys of SAV presence along each 
transect for a landscape scale estimate of SAV percent cover. 

 
4 The Fall 2019 dataset was originally collected in September; however, artifacts of heavy detritus as a result from 
Hurricane Dorian, which passed over the Outer Banks 5-6 September 2019, were present and would have 
confounded the SAV interpretation. Therefore, data was re-collected 7 November 2019. 
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RESULTS and DISCUSSION 
The results of the SAV aerial interpretation from each survey to date are shown in Figures 2 through 95. 
SAV are present throughout the bridge corridor (study area) which covered a maximum total area of 
160 acres6 distributed among the five survey strata (Table 2). A confusion matrix to document accuracy 
of the GIS-based SAV delineation process (e.g., errors of Omission and Commission) was developed 
(Table 3). For the Fall 2020 survey, the Total Classification Accuracy was 93% (overall measure of 
discrepancy in predicted vs. observed values). The Producer's Accuracy was 91% (9% omission error; 
omitting possible SAV from classification) and the User's Accuracy was 95% (5% commission error; 
assigning SAV classification to actual sand or other areas); all of which are considered very acceptable 
levels of accuracy. The Kappa Coefficient was 0.8497, meaning that the actual classification was 85% 
better agreement than by chance alone.  

  

 
5 In the electronic versions of this report, the reader may zoom into the image and more clearly observe some of 
the various finer-scale mapped data, seafloor, and anthropogenic features. 
6 Based on the corrected survey areas for the five strata starting with the September 2018 survey.  
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Table 2. Percent cover of submerged aquatic vegetation (SAV) from aerial imagery, line intercept 
transects, and BBL quadrats. Strata:  bridge = area under the dripline of the proposed bridge; 
ref_east = 100’ wide reference zone to east of bridge; ref_west = 100’ wide reference zone to 
west of bridge; shade_east = 200’ wide projected shading zone to east of bridge; 
shade_west = 200’ wide projected shading zone to west of bridge. Scaled data bars (blue, 
green, red, yellow) added to percent cover columns to aid comparison. 
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Table 3. Confusion matrix for the submerged aquatic vegetation (SAV) interpretation derived from a 
combination of randomly selected points and ground-truthed points provided by the 
interpreter for confirmation by the field team. SAV = submerged aquatic vegetation. 

Classification SAV Other (not SAV) Row Total 
SAV 97 5 102 
Other 10 88 98 
Column Total 107 93 200 

Yellow boxes show the number of occurrences where points were correctly classified; gray boxes show the number of 
occurrences where points were incorrectly classified.  

The aerial SAV survey boundaries were slightly truncated in the first (Spring 2018) survey, resulting in 
smaller reference areas as compared to subsequent surveys (Table 2). In Fall 2018, the aerial survey 
area was expanded and covered the full extent of all five strata; consequently, more SAV acreage was 
subsequently detected (Table 2).  

Overall SAV coverage from the aerial imagery interpretation has shown varying levels of percent cover 
per survey ranging from a low (grand mean) of 26.4% [SD 7.8] in Spring 2020 to a high of 59.2% [SD 6.3] 
in Fall 2018. Mean percent SAV cover was similar in the Spring 2018 and Spring 2019 surveys at 
approximately 40%; however, cover declined to 26.4% in Spring 2020. Mean percent SAV cover in fall 
surveys was approximately 60% in 2018 and were similar in Fall 2019 and 2020 at 44% and 48%, 
respectively. Cover in fall surveys has been higher, as expected due to sampling at the end of seagrass 
growing season with peak biomass for Halodule wrightii which predominates (pers. obs.) the 
composition of the generally shallow SAV beds in the bridge corridor (Figures 8 and 9). These data 
provide perhaps the most integrative, landscape scale survey area abundance and indicate that cover 
has not fluctuated substantially among surveys that cannot be readily attributed to seasonal variation. 
Spring surveys (occurring in May and June) typically had the lowest abundance, which represents a time 
when Zostera marina is past peak yearly abundance (post flowering) and H. wrightii and Ruppia 
maritima have not reached annual peak abundance in coastal North Carolina (Thayer et al., 1984). The 
relationship of the imagery-derived average SAV cover versus that calculated from the field-based SAV 
metrics are shown in Figure 12. For most surveys, the imagery-derived acreage values fell between the 
line-intercept and the quadrat data.    

The field-based line intercept method provides a finer-scale assessment of SAV cover and tends to be 
higher as it measures all the intersections of seagrass on a particular transect at 1 m resolution. SAV 
cover among surveys calculated from line intercept data (Figures 10 and 11) ranged from a low (grand 
mean) of 23.9% (SD = 10.6) in the most recent Fall 2020 survey to a high of 72.0% (SD = 6.7) in Fall 2019. 
Cover was consistently higher relative to other SAV metrics from Fall 2018 through Spring 2020, 
indicating a period of relatively high and stable cover. However, the low cover from the most recent Fall 
2020 survey indicates a possible disturbance event. The relationship of the line intercept-derived means 
versus those calculated from the other SAV metrics are shown in Figure 12 and shows the higher, on-
average estimate of SAV abundance.  

The BBL quadrat data, collected along transects irrespective of seagrass presence (areal cover) revealed 
a mean percent cover per survey ranging from a low (grand mean) of 15.9% (SD = 1.9) in Spring 2019 to 
a high of 35.2% (SD = 2.4) in Spring 2018 (Table 2). SAV cover did not change appreciably from Spring to 
Fall in 2018 yet declined by over 50 percent in Spring 2019. By Fall 2019 cover had returned to levels in 
2018. Cover during the Spring and Fall 2020 surveys were lower compared to 2018, but similar at (grand 
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mean) 24.4% (SD = 3.4) and 21.7% (6.8), respectively. The relationship of the areal cover-derived means 
versus those of the other SAV metrics are shown in Figure 12; the areal cover quadrats were 
consistently the lowest estimate of SAV abundance; just slightly lower than the specific cover values.  

When quadrats containing no SAV were removed from the BBL dataset to provide specific cover (cover 
only within existing SAV beds or patches), mean percent cover per survey was only slightly higher than 
results from the entire BBL dataset (Table 2). This is because most quadrats happened to land in 
seagrass cover and so the removal of the non-seagrass quadrats changed the means little. These data 
indicate the status of SAV cover at the finest scale of resolution in this survey and are most 
representative of the effects of seasonal variability that occur within an SAV bed. It should be noted that 
the Spring 2019 survey occurred earliest in the season (May), the Spring 2020 survey occurred in June, 
and the Spring 2018 occurred in July. Grand mean percent SAV cover within quadrats rose 
concomitantly with those dates, indicating the progression into the peak H. wrightii and R. maritima 
abundance and low Z. marina abundance time frame. The relationship of the specific cover-derived 
means versus those of the other SAV metrics are shown in Figure 12; the specific cover quadrats were 
consistently slightly above that of the areal cover values which is to be expected as these quadrats only 
occurred within SAV beds.  

Figure 13 shows the average percent cover from all quadrats (areal cover) by transect and survey. This 
graphic captures the dramatic among-transect variability at any given survey. The survey-to-survey 
seasonal variability is also displayed, but as seen with the other SAV metrics (imagery, line-intercept, 
specific cover), there is no visually apparent trend of increase or decline throughout the corridor. 
Instead, fluctuations are likely driven more by small deviations in the survey time in a given year and 
otherwise natural interannual variability.  

Monitoring will continue to be conducted in the spring and fall which captures both seasonal and 
interannual variation. Sampling across the study area and an updated shading zone will provide the basis 
for determining any project-related impacts. Sampling may be periodically altered to accommodate 
safety requirements during bridge construction.  
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Figure 2. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading, and reference strata) for the Spring 2018 survey. Imagery 
collected in May 2018. 
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Figure 3. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading and reference strata) for the Fall 2018 survey. Imagery collected 
in September 2018. 
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Figure 4. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading and reference strata) for the Spring 2019 survey. Imagery 
collected in May 2019. 
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Figure 5. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading and reference strata) for the Fall 2019 survey. Imagery collected 
in November 2019. 
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Figure 6. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading and reference strata) for the Spring 2020 survey. Imagery 
collected in May 2020. 
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Figure 7. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the study area 

(bridge alignment, shading and reference strata) for the Fall 2020 survey. Imagery collected 
in September 2020. 
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Figure 8. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the northern 

half of study area (bridge alignment, shading and reference strata) for the Spring and Fall 
2020 surveys. Imagery collected in May and September 2020, respectively. 
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Figure 9. GIS-based interpretation of submerged aquatic vegetation (SAV) cover within the southern 

half of study area (bridge alignment, shading and reference strata) for the Spring and Fall 
2020 surveys, showing season variation in cover of SAV. Imagery collected in May and 
September 2020, respectively. 
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Figure 10. Results of line intercept survey for submerged aquatic vegetation (SAV) cover along 

transects within the study area (bridge alignment, shading and reference strata) for the 
Spring 2020 survey. Note that gaps along certain transects resulted from safety regulations 
in active construction areas. Data was collected in June 2020. 
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Figure 11. Results of line intercept survey for submerged aquatic vegetation (SAV) cover along 

transects within the study area (bridge alignment, shading and reference strata) for the Fall 
2020 survey. Data was collected in September 2020. 
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Figure 12. Plot of the grand means (see also Table 2) for each SAV metric, by survey. Survey 1 = July 

2018; Survey 2 = October 2018; Survey 3 = May 2019; Survey 4 = September 2019; 
Survey 5 = June 2020; Survey 6 = September 2020.  
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Figure 13. Means and standard deviations of percent cover of submerged aquatic vegetation (SAV) (Y-axis) from quadrat samples taken along 

Transects 1 to 30. Survey 1 = July 2018; Survey 2 = October 2018; Survey 3 = May 2019; Survey 4 = September 2019; Survey 5 = June 
2020; Survey 6 = September 2020. Note the absence of data from transects 1-3 in Surveys 3 and 4 due to safety requirements 
associated with bridge construction. 
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1.0 Background 

In response to the loss of submerged aquatic vegetation (SAV) habitat caused by the replacement of the 
Herbert C. Bonner Bridge over Oregon Inlet, North Carolina, a wave-break structure was constructed 
with the purpose of experimentally modifying existing, patchy SAV habitat by attenuating wave activity 
to test the ability of wave reduction to promote more continuous, persistent SAV coverage. After field 
surveys and wind wave modeling to guide wave-break placement, the wave-break structure was 
constructed and installed between November 2016 and January 2017. 

In order to evaluate effects of the wave-break structure on the potential enhancement of SAV cover, a 
long-term, SAV monitoring program was established. The North Carolina Department of Transportation 
(NCDOT) contracted Rummel Klepper and Kahl (RK&K) to lead this monitoring program. CSA Ocean 
Sciences Inc. (CSA) was subcontracted by RK&K to support the monitoring survey design and perform 
delineation of SAV cover. Data interpretations were performed from datasets collected in 2017, 2018, 
and 2019, and were reported in annual summary reports (CSA, 2019; CSA, 2021). This report presents 
the results of the data interpretations performed from data collected in 2020 and compares them to the 
August 2018 baseline data. 

2.0 Methods 

The long-term SAV monitoring program for the wave-break structure includes delineation of SAV cover 
from data collected multiple times per year. In 2021, it was determined that because the August 2018 
data set was the first data set recorded during the seagrass growing season, it could provide a more 
suitable baseline data set than the Time Zero January 2017 data set as August 2018 represents the peak 
of the growing season for the visibly dominant, sub-tropical SAV, Halodule wrightii. Subsequent data 
were collected in September and October of 2018, in March through December of 2019, and in April 
through December of 2020. This data series will allow change analyses of SAV cover following 
wave-break structure construction, which based on life history of the primary SAV species on the site 
(H. wrightii, Ruppia maritima, Zostera marina) should encompass a time frame when responses by SAV 
cover could occur (Kenworthy et al., 1982; Thayer et al., 1984; Fonseca and Bell, 1998). 

The SAV delineation includes a forecast zone of influence (study area; where wave energy attenuation 
by the wave-break is hypothesized to elicit a change in seagrass cover) adjacent to the wave-break 
structure and four surrounding, haphazardly-selected 2.5-acre reference areas (Figure 1) outside of, but 
immediately adjacent to, the forecast zone of influence of the wave-break structure. The reference 
areas were situated to spatially bracket the forecast area of wave energy effects and were placed 
without examination of their initial SAV coverage. Specifically, the study area has been organized into 
the following strata based on an estimate of the potential reduction in Representative Wave Energy 
(RWE; Malhotra and Fonseca, 2007) caused by the wave-break structure (Figure 1; See Table 1 for strata 
acreages): 

1. >66% reduction in RWE (red zone); 
2. 33 to 66% reduction in RWE (orange zone);  
3. 5 to 33% reduction in RWE (green zone); and 
4. Reference area (forecast as having less than a 5% reduction in RWE as the result of the position of 

the wave-break structure). 



 

CSA-RK&K-FL-21-81656-3676-01-REP-01-FIN 2 

 

Figure 1. Overview of the Bonner Bridge wave-break submerged aquatic vegetation monitoring 
program study area showing the wave-break structure, Representative Wave Energy (RWE) 
reduction strata, and reference areas overlain on baseline imagery from August 2018. The 
wave-break structure is the black line just north of the red zone. 
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Table 1. Acreage of each of the three Representative Wave Energy (RWE) strata and reference areas 
assessed from wave energy reduction modeling.  

Area of SAV Assessment  Acres 

Reference  9.88 

>66% (red zone) polygon 0.87 

33–66% (orange zone) polygon 5.16 

5–33% (green zone) polygon 50.44 

SAV = submerged aquatic vegetation. 

Datasets were collected in January 2017 (Time Zero) by CSA, in August (baseline) through October 2018, 
in March through December 2019, and in April through December 2020 by RK&K. CSA performed 
interpretation of datasets for the wave-break site using GIS. SAV cover was determined by classifying 
areas of SAV occurring within the study area from georeferenced, high-resolution mosaicked data sets. 
Each data set had a resolution of 4 cm (1.57 in). The data was sometimes subdivided into separate 
classification areas of interest (AOI) based on similar pixel spectral signature ranges, often at the scale of 
individual image tiles (e.g., approximately 35 acres). Where image quality permitted, separate 
classification of each AOI helped to eliminate variations in reflectance and environmental conditions 
across the entire study area in order to reduce classification confusion. An unsupervised classification 
was then performed on each classification AOI using a combination of iso cluster and maximum 
likelihood techniques using Esri ArcGIS 10.6.1. software. 

After running the unsupervised classifications, each AOI was manually interpreted by denoting visually 
apparent classes of SAV and classes of non-SAV (primarily seafloor substrate). Spectral noise and holes 
within the classification results were removed and corrected using a combination of Esri ArcMap 
(10.8.0.) tools including Majority Filter, Region Group, Set Null (enhanced boundary edges and removed 
groups of small non-contiguous pixels that were smaller than 6 pixels), and Eliminate Polygon Part 
(eliminated areas that were less than 8 square feet). Lastly, a manual classification technique was then 
applied to the classification with guidance from a GIS analyst experienced in SAV delineation and a SAV 
biologist with extensive experience in North Carolina SAV systems. This consisted of removing areas of 
over-classification (classifying non-seagrass areas as seagrass) and adding-in (digitizing) areas where 
under-classification (classifying seagrass as non-seagrass) occurred, again based on visually apparent 
SAV cover in the data. Comparisons of cover over time could be made against the August 2018 baseline. 
SAV cover in August (mid-summer) allows comparisons for changes in marine SAV cover measured 
during the growing season, which generally ranges from March through September in North Carolina 
(Kenworthy et al., 1982; Thayer et al., 1984; Fonseca and Bell, 1998). Therefore, each monthly survey 
could be compared to August 2018, which provided the greatest possible temporal distance among peak 
growing season conditions for assessment of change in SAV cover. These comparisons captured the 
seasonal dynamics of the SAV habitat. Comparisons of monthly survey data revealed general seasonal 
trends of cover increase and decrease. Additional calculations were made to determine 
reference-adjusted gains and losses in acreage and percent cover per month by energy zone. 

At the request of NCDOT, storm events were added to figures showing change in SAV abundance over 
time. Table 2 shows significant storm events (Tropical Storm and Hurricane) that have occurred during 
the time of imagery acquisition for this project and the dates of the first imagery obtained for this 
project following the storm event.  
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Table 2. Significant storm events either Tropical Storm (TS) or named Hurricanes (no designation) for 
North Carolina and the dates of the first imagery obtained for this project following the 
storm event. Numbers correspond to storm events shown in figures. Values are 
comparatively scaled by color palette.  

Storm Number Storm Name Year Storm Date 
Dates of first imagery 

following storm 
event 

1 TS Chris 2018 07/10/18 08/26/18 

2 Florence 2018 09/13/18 10/02/18 

3 TS Michael 2018 10/11/18 02/26/19 

4 Dorian 2019 09/05/19 09/20/19 

5 Humberto 2019 09/19/19 09/20/19 

6 TS Arthur 2020 05/18/20 05/26/20 

7 TS Fay 2020 07/09/20 07/26/20 

8 Isaias 2020 08/03/20 08/10/20 

 

3.0 Results and Discussion 

3.1 ACREAGE SUMMARY 

Total acreage in each zone by month is given in Tables 3, 4, and 5. In 2018, the red zone (area of highest 
forecast wave energy reduction) ranged from 0.31 to 0.37 acres of SAV, the orange zone (moderate 
wave energy reduction) ranged from 1.90 to 2.36 acres, the green zone (lowest wave energy reduction) 
ranged from 14.87 to 15.24 acres, and the reference areas ranged from 1.88 to 1.97 acres (Table 3). 

In 2019, the red zone ranged from 0.11 to 0.37 acres of SAV, the orange zone ranged from 1.15 to 
2.14 acres, the green zone ranged from 8.82 to 16.31 acres, and the reference areas ranged from 0.31 to 
2.00 acres (Table 4). 

In 2020, the red zone ranged from 0.13 to 0.41 acres of SAV, the orange zone ranged from 1.07 to 
2.14 acres, the green zone ranged from 10.91 to 15.62 acres, and the reference areas ranged from 
1.32 to 2.07 acres (Table 5). In December 2020, data from the reference area and the 5 to 33% RWE 
reduction stratum were incomplete due to poor conditions and resultant low image quality. Therefore, 
the acreage and percent cover of SAV for these two areas in December 2020 were not calculated. 

3.2 AUGUST 2018 (BASELINE) VERSUS 2020 SURVEYS 

Percent cover of SAV for the Bonner Bridge wave-break study area, based on the GIS classification of 
prior datasets from between August 2018 (Baseline) and December 2019, can be found in Tables 6 
and 7. 

Percent cover of SAV for the Bonner Bridge wave-break study reference area, based on the GIS 
classification of datasets from August 2018 (Baseline) was 19.1% cover. Percent cover of SAV for the 
reference area between April 2020 and December 2020 ranged from 13.4% to 20.9% cover with a mean 
of 17.3% (Table 8). The highest reference area cover among all surveys in 2020 was observed in 
September 2020 and the lowest in June 2020. This was not unexpected based on the timing of the 
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surveys at the end of growing season for Halodule wrightii in late summer and the start of the growing 
season in early summer, respectively. 

Percent cover of SAV in August 2018 for the >66%, 33 to 66%, and 5 to 33% RWE reduction strata were 
42.9%, 41.6%, and 30.1%, respectively. In 2020, percent cover of SAV for the >66% RWE reduction 
stratum ranged from 14.6% to 47.4% cover with a mean of 28.6%. Percent cover of SAV for the 33 to 
66% RWE reduction stratum ranged from 20.7% to 40.6% cover with a mean of 30.4%. Percent cover of 
SAV for the 5 to 33% RWE reduction stratum ranged from 21.6% to 31.0% cover with a mean of 28.7%. 

The changes in percent cover of SAV from August 2018 to December 2020 are plotted in Figures 2 
through 6. Figure 2 shows the individual RWE reduction strata plotted against the reference areas. 
Figure 3 combines the three separate RWE reduction strata into one percent cover value for each survey 
and plots these values against the reference areas. Figures 4, 5, and 6 plot the change in percent cover 
of SAV for each of the three RWE reduction strata (>66%, 33 to 66%, and 5 to 33% RWE, respectively). 

In April 2020, the >66% and 33 to 66% RWE reduction strata showed substantially lower percent cover 
values than the reference or 5 to 33% RWE reduction stratum when compared to their respective 
baseline values in August 2018. From May to September 2020, percent cover of SAV within all three 
RWE reduction strata and the reference area increased, as would be expected over the SAV growing 
season. The >66% RWE reduction stratum showed the most consistent increase in SAV cover during this 
time, with increases observed every month. From September to November 2020, percent cover of SAV 
showed a general leveling off within the reference and 5 to 33% RWE reduction stratum, also in line with 
what would be expected at the end of the SAV growing season. However, from June to December 2020, 
percent cover of SAV within the >66% and 33 to 66% RWE reduction strata continued to increase at a 
substantial rate. Unfortunately, because the December SAV cover data for the reference area and the 
5 to 33% RWE reduction stratum were incomplete and not able to be utilized, it is not possible to say if 
this dramatic increase in percent cover of SAV within the two RWE reduction strata closest to the 
wave-break at the end of 2020 was a localized occurrence or if this increase was seen throughout the 
survey area. 

Comparisons of reference-adjusted gains and losses in acreage and percent cover by energy zone 
showed an average monthly increase of 0.19 acres between August 2018 and November 2020. 
Additionally, starting after September 2020 the percent cover of SAV within the >66% and 33 to 
66% RWE reduction strata continued to increase at a substantially faster rate. Summing the 
reference-adjusted monthly gains and losses over this time resulted in a net addition of 3.75 acres of 
seagrass services. This indicates that over this time 3.75 acres of seagrass were added or preserved to 
contribute to ecological functions. For the final report in 2021, both reference adjusted and raw non-
reference adjusted data will be utilized for comparison. A summarization of the total SAV acreage by 
month for the reference areas and all RWE reduction strata combined is shown in Table 9. The total SAV 
acreage in the reference zones ranged from 0.31 to 2.07 acres with a mean of 1.6 acres (standard 
deviation 0.43) while the total SAV in all RWE reduction strata ranged from 10.82 to 18.06 with a mean 
of 16.04 acres (standard deviation 2.01).    

The influence of storm event affect on SAV abundance has not been determined. Note in Table 2, that 
when storms occurred surveys were conducted within 1 month following the event, which is not enough 
time for SAV seafloor to recover had there been any substantial, storm-induced reductions (except for 
Tropical Storm Michael where an assessment followed the event by four months). Visual assessment of 
SAV response to storm events (Figures 2 to 6) saw general decrease in SAV across zones in Spring of 
2019 following storms in the fall of 2018 but that is also a period of natural SAV seasonal decline. The 
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project team observed that for many storm events wind drove water levels down which prevents the 
introduction of wave energy onto the site. A more detailed study of wave energy and water level from 
the on-site wave sensors during storm events would be needed to ascertain whether the existence of 
any particular storm event had the potential to influence SAV cover as has been seen for previous storm 
events in North Carolina (Fonseca et al. 2000).  

Table 3. Total submerged aquatic vegetation (SAV) acreage by survey month in 2018 for each of the 
wave energy reduction zones. Red zone is the area near the wave-break structure forecast to 
experience a >66% reduction in wave energy; orange zone, 33 to 66% reduction; green zone 
5 to 33% reduction; reference area is the surrounding area forecast to be uninfluenced by 
the wave-break structure. Cells with blue shading are scaled proportionally. For readability, 
cells with green shading (green zone) are scaled proportionally but only for the green zone 
due to their larger value range. All values are in acres. 

 

 Area of SAV Assessment 
Baseline 

Aug '18
Sep '18 Oct '18

Reference 1.89 1.97 1.88

> 66% (red zone) 0.37 0.37 0.31

33-66% (orange zone) 2.14 2.36 1.90

5-33% (green zone) 15.17 15.24 14.87
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Table 4. Total submerged aquatic vegetation (SAV) acreage by survey month in 2019 for each of the wave energy reduction zones. Red zone is 
the area near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33–66% reduction; 
green zone 5–33% reduction; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. Cells 
with blue shading are scaled proportionally. For readability, cells with green shading (green zone) are scaled proportionally but only 
for the green zone due to their larger value range. All values are in acres. 

 

Table 5. Total submerged aquatic vegetation (SAV) acreage by survey month in 2020 for each of the wave energy reduction zones. Red zone is 
the area near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33–66% reduction; 
green zone 5–33% reduction; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. Cells 
with blue shading are scaled proportionally. For readability, cells with green shading (green zone) are scaled proportionally but only 
for the green zone due to their larger value range. All values are in acres. 

 
* = No calculation due to coverage constraints 

  

 Area of SAV Assessment 
Baseline 

Aug '18
Mar '19 Apr '19 May '19 Jun '19 Jul '19 Aug '19 Sep '19 Oct '19 Nov '19 Dec '19

Reference 1.89 0.91 0.31 1.21 1.21 1.63 2.00 1.73 1.55 1.67 1.54

> 66% (red zone) 0.37 0.20 0.19 0.21 0.21 0.24 0.17 0.12 0.11 0.15 0.12

33-66% (orange zone) 2.14 1.35 1.15 1.39 1.64 1.75 1.58 1.39 1.35 1.44 1.26

5-33% (green zone) 15.17 11.82 8.82 12.33 14.33 15.02 16.31 15.63 14.90 15.59 13.13

 Area of SAV Assessment 
Baseline 

Aug '18
Apr '20 May '20 Jun '20 Jul '20 Aug '20 Sep '20 Oct '20 Nov '20 Dec '20

Reference 1.89 1.33 1.36 1.32 1.96 1.74 2.07 1.99 1.94 *

> 66% (red zone) 0.37 0.13 0.13 0.19 0.23 0.24 0.27 0.28 0.36 0.41

33-66% (orange zone) 2.14 1.07 1.24 1.36 1.64 1.66 1.66 1.58 1.83 2.09

5-33% (green zone) 15.17 10.91 14.26 13.72 15.62 15.46 14.84 15.53 15.40 *
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Table 6. Percent cover of total submerged aquatic vegetation (SAV) by survey month in 2018 for each of the wave energy reduction zones. 
Red zone is the area near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33 to 66% 
reduction; green zone 5 to 33% reduction; reference area is the surrounding area forecast to be uninfluenced by the wave-break 
structure. All values are in percent cover. 

 

Table 7. Percent cover of total submerged aquatic vegetation (SAV) by survey month in 2019 for each of the wave energy reduction zones. 
Red zone is the area near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33 to 66% 
reduction; green zone 5 to 33% reduction; reference area is the surrounding area forecast to be uninfluenced by the wave-break 
structure. All values are in percent cover. 

 

  

 Area of SAV Assessment 
Baseline 

Aug '18
Sep '18 Oct '18

Reference 19 20 19

> 66% (red zone) 43 43 36

33-66% (orange zone) 42 46 37

5-33% (green zone) 30 30 29

 Area of SAV Assessment 
Baseline 

Aug '18
Mar '19 Apr '19 May '19 Jun '19 Jul '19 Aug '19 Sep '19 Oct '19 Nov '19 Dec '19

Reference 19 9 3 12 12 16 20 18 16 17 16

> 66% (red zone) 43 23 22 24 24 28 20 14 13 17 14

33-66% (orange zone) 42 26 22 27 32 34 31 27 26 28 24

5-33% (green zone) 30 23 17 24 28 30 32 31 30 31 26
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Table 8. Percent cover of total submerged aquatic vegetation (SAV) by survey month in 2020 for each of the wave energy reduction zones. 
Red zone is the area near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33 to 66% 
reduction; green zone 5 to 33% reduction; reference area is the surrounding area forecast to be uninfluenced by the wave-break 
structure. All values are in percent cover. 

 
* = No calculation due to coverage constraints 

Table 9. Total submerged aquatic vegetation (SAV) by survey month and summed for all reference area and all wave energy reduction zones, 
respectively. 

  

 Area of SAV Assessment 
Baseline 

Aug '18
Apr '20 May '20 Jun '20 Jul '20 Aug '20 Sep '20 Oct '20 Nov '20 Dec '20

Reference 19 13 14 13 20 18 21 20 20 *

> 66% (red zone) 43 15 15 22 27 27 31 32 42 47

33-66% (orange zone) 42 21 24 26 32 32 32 31 36 41

5-33% (green zone) 30 22 28 27 31 31 29 31 31 *

Reference
Total All 

Zones
Reference

Total All 

Zones
Reference

Total All 

Zones

March 0.91 13.37

April 0.31 10.82 1.33 12.11

May 1.21 13.93 1.36 15.63

June 1.63 16.18 1.32 15.27

July 1.63 17.01 1.96 17.49

August 1.89 17.68 2 18.06 1.74 17.36

September 1.97 17.97 1.73 17.14 2.07 16.77

October 1.88 17.08 1.55 16.36 1.99 17.39

November 1.67 17.18 1.94 17.59

December 1.54 14.51

2018 2019 2020
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Figure 2. Percent cover of total submerged aquatic vegetation (SAV) by survey month in August 2018 through December 2020 for each of the 
wave energy reduction zones. Red zone is the area near the wave-break structure forecast to experience a >66% reduction in wave 
energy; orange zone, 33 to 66% reduction; green zone 5 to 33% reduction; reference area is the surrounding area forecast to be 
uninfluenced by the wave-break structure. All values are in percent cover. Data from December 2020 are not available for the green 
zone or the reference area. Vertical lines and numbers correspond to Tropical Storms and Hurricanes shown in Table 2 occurring 
during the SAV delineation time frame for this project.  
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Figure 3. Percent cover of total submerged aquatic vegetation (SAV) by survey month in August 2018 through November 2020 for all of the 
three wave energy reduction zones combined. Combined refers to red, orange, and green which are as follows: red zone is the area 
near the wave-break structure forecast to experience a >66% reduction in wave energy; orange zone, 33 to 66% reduction; green 
zone 5 to 33%; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. All values are in 
percent cover. Data from December 2020 are not available. Vertical lines and numbers correspond to Tropical Storms and 
Hurricanes shown in Table 2 occurring during the SAV delineation time frame for this project. 

 



 

CSA-RK&K-FL-21-81656-3676-01-REP-01-FIN 12 

 

 

Figure 4. Percent cover of total submerged aquatic vegetation (SAV) by survey month in August 2018 through December 2020 for the red 
wave energy reduction zone. The red zone is the area near the wave-break structure forecast to experience a >66% reduction in 
wave energy; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. All values are in 
percent cover. Data from December 2020 are not available for the reference area. Vertical lines and numbers correspond to Tropical 
Storms and Hurricanes shown in Table 2 occurring during the SAV delineation time frame for this project. 
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Figure 5. Percent cover of total submerged aquatic vegetation (SAV) by survey month in August 2018 through December 2020 for the orange 
wave energy reduction zone. The orange zone is the area near the wave-break structure forecast to experience a 33 to 66% 
reduction in wave energy; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. All values 
are in percent cover. Data from December 2020 are not available for the reference area. Vertical lines and numbers correspond to 
Tropical Storms and Hurricanes shown in Table 2 occurring during the SAV delineation time frame for this project. 
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Figure 6. Percent cover of total submerged aquatic vegetation (SAV) by survey month in August 2018 through November 2020 for the green 
wave energy reduction zone. The green zone is the area near the wave-break structure forecast to experience a 5 to 33% reduction 
in wave energy; reference area is the surrounding area forecast to be uninfluenced by the wave-break structure. All values are in 
percent cover. Data from December 2020 are not available for the green zone or the reference area. Vertical lines and numbers 
correspond to Tropical Storms and Hurricanes shown in Table 2 occurring during the SAV delineation time frame for this project. 
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4.0 Interim Conclusions 

The results indicate that the wave-break structure is generally functioning as intended and is facilitating 
a seasonally-variable, but positive, increase in SAV cover within all three RWE reduction strata, 
particularly the >66% and the 33 to 66% RWE reduction strata (red and orange zones) closest the 
wave-break structure.  

The >66% RWE reduction stratum (red zone), which is located closest to the wave-break structure and 
was forecast to produce the greatest unit area effect on seagrass coalescence, showed an increase of 
SAV cover every month between May and December 2020 but only a net gain in December 2020 when 
compared with the baseline survey. This zone appears to have experienced some adverse effects from 
proximity to the wave-break structure in 2018 and 2019 due to deposition of sediment adjacent to the 
structure arising from wave-break-related scouring1. These effects were perhaps due to increased 
scouring during storms in the fall of each year. Hindcasting of wave conditions from the continually 
recording wave sensors placed north and south of the wave-break will be needed to determine any 
differences in wave activity over time that may be associated with SAV abundance fluctuation.  

The 33 to 66% RWE reduction stratum (orange zone) also showed an increase in SAV throughout most of 
2020, although to a slightly lesser extent than the >66% RWE reduction stratum. The 33 to 66% RWE 
reduction stratum did not show a substantial net gain or loss when compared with the baseline survey. 
Similar to the >66% RWE reduction stratum, the 33 to 66% RWE reduction stratum appears to have 
experienced some adverse effects from proximity to the wave-break structure in 2018 and 2019. As with 
the >66% RWE reduction stratum, these effects were not observed in 2020 and resulted in a substantial 
increase in SAV cover from prior years. 

The 5 to 33% RWE reduction stratum (green zone), located farthest from the wave-break structure, 
showed some increases in SAV cover in 2020, but less than observed in the other two RWE reduction 
strata. The 5 to 33% RWE reduction stratum also did not show a substantial net gain or loss when 
compared with the baseline survey. Unlike the other two RWE reduction strata, the 5 to 33% RWE 
reduction stratum did not appear to have experienced adverse effects from proximity to the wave-break 
structure, exhibiting only seasonal variation of SAV cover and returning to baseline levels in the summer 
of 2019 and 2020. 

The seasonal component to changes in SAV coverage was apparent in all three RWE reduction strata. 
Most showed consistent decreases in SAV coverage between the fall and spring, followed by increased 
SAV coverage between spring and summer. The red and green zones showed net positive changes in 
SAV acreage in November or December, which may correspond to contributions from increased biomass 
for Z. marina. These changes in cover represent the seasonally detectable abundance of seagrass in 
imagery. This fluctuation is normal for this area given the mix of Z. marina and H. wrightii, both of which 
are at the edge of their respective geographic distributions.  

 
1 Scouring under the wave-break structure was first reported in the 19 November 2018 “Summary of Year 2 Biannual Survey – 

October 2018 – LETTER REPORT” to NCDOT, noting that it may be impacting seagrass beds. No clear association of the scouring 
with any storm event has been observed (some storms drove water off the site resulting in little wave energy during the event). 
However, the scouring has been a persistent feature since 2018.  
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APPENDIX B:  

Outside Agency & University Research Literature Review: Annotated Bibliography 

This annotated bibliography was prepared as part of the TIP Project B-2500 to summarize recent 
research that focuses on the Pea Island and Hatteras Island study area and could be relevant to the 
project. The academic literature search was performed with the NC State University Libraries’ Summon 
database. The search was restricted to research published from January 2015 to January 2021 and in the 
disciplines of engineering, geology, biology, and environmental science. Reports released by state or 
federal agencies during this period were gathered, as well. The key points of each paper or report are 
summarized below in bullets. Studies are grouped by topic–geological, biological, economic, or studies 
from the NC State research team–and are alphabetically ordered.  

GEOLOGICAL STUDIES 
2019 Inlet Setback Factors 
2019 - NC Division of Coastal Management 
Geo 

• Setback factors were calculated based on the inlet shoreline change rates developed in the 
“Inlet Hazard Boundary, 2019 Update: Science Panel Recommendation to the North Carolina 
Coastal Resources Commission” 

• Oregon Inlet area was not included in the report 

 
A Re-evaluation of Data and Sand Resource Need, Use, and Availability in Northeastern (Dare County) 
North Carolina 
2016 – Walsh, Conery, Gibbons et al., NC Division of Coastal Management 
Geo 

• Sand resources data collected from offshore NC since the 2011 NC Beach and Inlet Management 
Plan was compared and assessed 

• The data showed that there are offshore sand resources in State and federal waters, but the 
study found discrepancies in sand thickness estimates and spatial patterns between data sets  

 
Barrier island breach evolution: Alongshore transport and bay-ocean pressure gradient interactions  
2016 - Becker 
Geo 

• Analysis of physical processes controlling the opening and closing of a barrier island breach 
(located on Pea Island) 

• Study found that alongshore sediment flux is a major contributor to breach closure 
• Study found that wind direction is a major influencer of the pressure gradient between the bay 

and ocean; therefore, wind direction is a significant controller of the water flow that causes the 
breach to open, or remain open 

• Discusses past hurricanes and their effects on the breach 

 
Beach nourishment monitoring at Pea Island National Wildlife Refuge 
2017 – Corbett, Walsh  
Geo 
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• Data collected along Pea Island by East Carolina University for the USFWS post-nourishment 
monitoring project included beach grain size, beach slope, beach compaction data, biological 
data, and heavy-mineral content 

• Few significant differences were found between treated/nourished areas and untreated areas    
 
Final Summary Report for the North Carolina Offshore Sand Resource Investigation 
2016 – East Carolina University / UNC Coastal Studies Institute, NC Division of Coastal Management 
Geo 

• Researchers investigated available sand resources in the federal Outer Continental Shelf 
offshore of NC, created a GIS database of available information, and prioritized future research  

• The constructed NC-BOEM Mendeley Reference Database is available through the NC Coastal 
Atlas 

• A literature review of geological research conducted offshore NC was performed and made 
available through the NC Coastal Atlas, as well 

 
Inlet Hazard Area Boundary, 2019 Update: Science Panel Recommendations to the North Carolina 
Coastal Resources Commission 
2019 – NCDCM 
Geo 

• Inlet shorelines can migrate in the net longshore sand transport direction, oscillate around a 
point, or do both 

• Inlet shore migration can occur more rapidly than migration of other landforms  
• Oscillations occur on the shoreline between the two islands and on the ocean shoreline near the 

inlet 
• Because of these differences, a different methodology was developed to determine the 

shoreline change rate for inlets and inlet adjacent shores 
• It is found in the report that the existing vegetation line is not a reliable indicator of the long 

term erosion trend near inlets, whereas it is helpful in defining the Ocean Hazard Area away 
from inlets 

• The Science Panel recommended that the inlet hazard area have a fixed development boundary 
like the Static Vegetation and Development lines used for beach nourishment projects 

• The report outlines the methodology for determining the landward limits of the IHA, the Inlet 
Hazard Area Method 

• Shorelines adjacent to Oregon Inlet are publicly owned, thus they were not included in the 
report 

Micropaleontologic record of Quaternary paleoenvironments in the Central Albemarle Embayment, 
North Carolina, U.S.A 
2011 - Culver, Farrell, et. al. / NC Geological Survey 
Geo 

• Study gives a detailed analysis of the geological processes that affected the Central Albemarle 
Embayment based on sedimentologic, chronostratigraphic, and seismic data 
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NC Beach and Inlet Management Plan, 2016 Update Report 
2016 – NCDEQ, moffatt and nichol  
Geo/Econ 

• This update to the BIMP incorporated new dredging and nourishment activities and refined 
historical data to come up with a more accurate estimate of funding required to maintain NC 
beaches and inlets 

• Dredging volume across the state decreased from 6 million cy/yr historically to 4.5 million cy/yr 
for 2008-2015 

• Nourishment volume across the state increased from 1 to 2 million cy/yr historically to 4 to 5 
million cy/yr for 2011-2015 

• The report recommended that the state prepare to allocate more resources towards 
nourishment and dredging projects as the trend suggested that costs would continue to increase 

North Carolina 2019 Oceanfront Setback Factors & Long-Term Average Annual Erosion Rate Update 
Study: Methods Report 
2019 - NC Division of Coastal Management 
Geo 

• The report updates the ocean hazard construction Setback Factors and Ocean Erodible Area of 
Environmental Concern, which are determined from the long term oceanfront erosion rates 

• Setback factors are used in site designs for coastal developments because they tell the landward 
extent of the Ocean Erodible Area (OEA) within the Ocean Hazard Area of Environmental 
Concern (AEC) 

• The study produces the erosion rates at transects spaced 50 meters apart, smoothed erosion 
rates, and blocked erosion rates (setback factor) for the shorelines of North Carolina 

• Erosion rate calculations were mostly automated for the ~305 miles of coastline 
• The average setback factor for the entire state was found to be 3.7, which was a slight increase 

from the 3.4 setback factor calculated in the 2011 DCM report 
• For the National Seashore between Rodanthe and Oregon Inlet, the study reports 9.1 miles of 

erosion and 1.6 miles of accretion, average shoreline change rate of 5.8 ft/year, an average 
blocked rate (setback factor) of 7.0 ft/yr, and a range of setback factors between 2 and 22. 

• For the National Seashore between Oregon Inlet and Nags Head, the study reports 4.2 miles of 
erosion and 0.4 miles of accretion, an average shoreline change rate of 6.7 ft/yr, average 
blocked rate of 8.0 feet per year, and a range of setback factors between 2 and 11 

North Carolina Coastal Sand Resource Availability (Draft Final Report) 
2017 – Walsh, Conery, Corbett et al. / NC Division of Coastal Management 
Geo 

• Determined what NC coastal sand resources data exist and whether the data was sufficient, or if 
more data was needed 

 
North Carolina Outer Continental Shelf Sand Resource Investigation 
2019 – Corbett, Walsh, Conery, et al. 
Geo 

• Sand resources in the federally-owned area of the continental shelf south of Cape Lookout, NC 
were investigated 

• Geospatial database was created containing all sand resources data collected in the project 
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North Carolina Sea Level Rise Assessment Report, Update to the 2010 Report and 2012 Addendum 
2015 - NC Coastal Resources Commission Science Panel 
Geo 

• Sea level rise across the coast of North Carolina varies spatially and temporally 
• Spatial variations are attributed to vertical movement of the Earth’s surface and the effects of 

large scale ocean currents, such as the changing of the Gulf Stream’s speed and position 
• Probably due to these factors, higher rates of SLR are observed along the northeastern NC coast 

and increased sea level north of Cape Hatteras 
• SLR values were calculated across the coast of NC for different scenarios based on levels of 

greenhouse gas emissions (low RCP 2.6 and high RCP 8.5) and rates of vertical land movement 
determined by NOAA tide gauge record 

• At Oregon Inlet, mean relative sea level rise by 2045 under the 3 scenarios, Tide Gauge 
Projections, IPCC RCP 2.6+VLM, and IPCC RCP 8.5 + VLM, are 4.3, 6.3, and 7.3 inches, 
respectively 

Observations and 3D hydrodynamics-based modeling of decadal-scale shoreline change along the Outer 
Banks, North Carolina 
2017 - Safak, List et. al. 
Geo 

• The study investigated trends of large-scale long-term shoreline change, and the associated 
processes, along the Outer Banks of North Carolina 

• Observations and numerical modeling were used to analyze the 60 km stretch over a 24 year 
period 

• Sediment transport computed by the 3 dimensional hydrodynamics-based model had similar 
patterns and was on the same order of magnitude (10^5 m^3/yr) as observationally determined 
sediment flux 

• Results suggested that the magnitude of net alongshore sediment transfer is strongly dominated 
by high wave-energy events  

• Also suggested by results was that alongshore momentum is composed of more than just wave 
breaking and bottom stress. Horizontal vortex force, horizontal advection, and pressure gradient 
all contribute to the long term alongshore sediment transport 

Observation of wave influence on alongshore ebb-tidal delta morphodynamics at Oregon Inlet, NC 
2018 - Humberston, et al 
Geo 

• Intensity of scatter of x-band radar data was used to measure bedform alongshore migration 
rates over a 9 month period from September 2016 to May 2017 at Oregon Inlet, NC 

• The study found that the measure significantly correlated to an offshore parameter based 
estimate of longshore sediment flux 

• With the application of the sediment transport model to a year long period of data, researchers 
found the predicted net transport of 90,000 m3 southward to be consistent with a previous 
estimate (by Dolan and Glassen 1973); however, severe seasonal variability in the transport, an 
order of magnitude different from the net transport, was discovered  

 
Research to support design and siting of deposition areas for dredged material from the Rodanthe 
Emergency Channel 
2017 – White, Corbett, McClendon, et al. / NCDOT project 
Geo 
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• The Rodanthe Emergency Ferry Channel was too shallow to allow for safe passage of emergency 
ferries 

• Project assessed potential dredge material deposition sites  
 
Storm-driven erosion and inundation of barrier islands from dune-to region-scales 
2020 – Gharagozlou, Dietrich, Karanci, Luettich, Overton 
Geo 

• Set up an XBeach model to represent morphodynamic evolution of the Outer Banks during 
Hurricane Isabel that had high skill 

• Found that the model’s accuracy was much more sensitive to changes in cross-shore resolution 
than long-shore resolution 

• Found that using XBeach results as updated topography for a hydrodynamic flood model, like 
ADCIRC, improves flood predictions  

 
Synthesis of Geophysical and Geologic Data on the North Carolina Shelf and Future Research Needs, NC-
BOEM Cooperative Agreement Technical Report 
2016 – Walsh, Conery, Garmire et al. 
Geo 

• The need for sand resources and offshore sand resource data was summarized, the range of 
available geological data was reviewed, and future research into NC Outer Continental Shelf was 
prioritized 

• Geodatabase of data layers is available through NC Coastal Atlas  
 
The morphological evolution and the geological record of Irene Inlet, Pea Island, NC 
2017 – Kelly, Corbett, Walsh  
Geo / Thesis 

• Analyzed push cores and vibracores to better understand how the inlet formed during Irene 
naturally filled  
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BIOLOGICAL STUDIES 

 
Benthic Community Responses to the Filling of a Hurricane-Induced Barrier Island Inlet 
2021 – Rodil, Long, Fegley, et al.  

• Benthic fauna on the ocean side recovered more rapidly after the filling of an inlet through 
Hatteras Island (from Hurricane Isabel) than benthic populations on the sound side of the filled 
inlet 

• The results suggest that habitat restoration on the sound side after filling of a barrier island 
breach is more critical than on the ocean side  

 
Coastal North Carolina American Black Duck Nesting Ecology Study 
2017 – Williams, Lawson 
Bio 

• American black duck population has declined since the 1950’s with survey estimates of 50% 
decrease from 1950’s to 1990’s 

• Potential explanations include loss of breeding and wintering habitats, overharvest, and 
competition with mallards 

• Researchers searched for nests in different types of habitats, with parts of Pea Island and 
Roanoke Island representing island habitats 

• 45% of nests found in study came from outer banks  
• Nests in outer banks were located within dense vegetation in warm season grasses, Rubus, and 

forbs 

 
Evaluating minimum buffer distances and durations, and corridor placement, for Least Tern nesting 
colonies for Cape Hatteras National Seashore 
2020 – Danner, Gallagher, Zuluaga  
Bio 

• Progress report of a USFWS project aimed at characterizing Least Tern nesting, effects of human 
activity on Least Tern survival outcomes, and efficacy of proposed buffer designs in the National 
Parks of Eastern North Carolina 
 

Evaluating sampling techniques for measuring ghost crab (Ocypode quadrata) burrow density 
2017 - Seyfried 
Bio 

• The relative density of ghost crab populations is used as an indicator of human effects on 
beaches  

• Crab burrow density, the count of burrows in a defined beach area, is not a direct measure of 
population, so other external factors can decrease the accuracy 

• This study compares two methods of determining burrow density, Fixed-Area sampling and Belt 
Transect method 

• Ghost crab population density was sampled at three sites between Nags Head and Rodanthe 
• It was found that the fixed-area method consistently results in a significantly higher burrow 

density with more false residences than the Belt Transect method 
• Both methods obtain similar temporal and spatial trends at the scale of analysis 
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Identifying patterns in foraging-area origins in breeding aggregations of migratory species:    Loggerhead 
turtles in the Northwest Atlantic 
2020 - Pfaller, Pajuelo, Zanden, et al 
Bio 

• Used stable isotope analysis of tissue samples to determine the foraging-area origins of 
loggerhead turtles 

• Loggerhead turtles were sampled from seven nesting sites in the Northern Recovery Unit of the 
eastern US 

• Found that 84.4% of females use more northern foraging areas in the Mid-Atlantic Bight, 13.4% 
use closer Mid Atlantic Bight foraging areas, and 2.2% use southerly Subtropical Northwest 
Atlantic foraging areas 

• The study did not find significant latitudinal trends in the proportions of NRU females 
  

Integrating ecosystem services considerations within a GIS-based habitat suitability index for oyster 
restoration 
2017 - Theuerkauf, Eggleston, Puckett 
Bio 

• Used GIS model to identify optimal locations to restore oyster locations in the Pamlico Sound, 
North Carolina 

• The study area extends beyond the Oregon Inlet to the north  
• Salinity, dissolved oxygen, chlorophyll a, and 10 other characteristic layers were incorporated to 

calculate a suitability index across the entire Pamlico sound  

LONG-TERM IMPACTS OF BEACH NOURISHMENT ON SHORE ECOSYSTEMS: INSIGHTS FROM PEA ISLAND 
NATIONAL WILDLIFE REFUGE  
2020 - Corbett, Paris, Leach, Wilkinson, Harrison 
Bio 

• Interim report for study which investigates long-term beach nourishment impacts on Pea Island 
ecosystems, such as whether there were any effects on macro-invertebrates on the inter-tidal 
and supra-tidal beach and/or sea turtle and shorebird nesting behavior 

• Also looked at physical variables like beach sand grain size, heavy mineral content, and 
compaction to determine if differences between the control and nourishment could explain any 
observed biotic impacts.  
 

National ecology and population genomics of American Black Ducks in North Carolina 
2020 - Lawson 
Bio - Thesis 

• 140 American Black Ducks on Pea Island were monitored over two years to better understand 
their breeding ecology  

• Nesting productivity, nesting initiation, peak nesting dates, nest success rates, and causes of 
nest failure were identified and quantified 
 

Nesting Patterns of Loggerhead Sea Turtles (Caretta caretta): Development of a Multiple Regression 
Model Tested in North Carolina, USA 
2018 – Halls, Randall 
Bio 
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• Department of Earth and Ocean Sciences UNC Wilmington identified areas most prevalent for 
Loggerhead Sea Turtle nesting and tested environmental and social variables to create a suitable 
nesting predictive model 

• Data were analyzed at North Carolina barrier island beaches including Pea Island to Cape 
Hatteras 

• The study found that human impacts negatively affect nesting site quality, defined by the false 
crawl to nest ratio 

North Carolina Coastal Habitat Protection Plan  
2016 – NCDEQ 
Bio 

• The document addresses 4 goals: to improve effectiveness of existing rule and programs 
protecting coastal fish habitats, identify and delineate strategic coastal habitats, enhance and 
protect habitats from adverse physical impacts, and enhance and protect water quality 

• For each goal, the report provides recommendations 

Piping Plover (Charadrius melodus) demography, behavior, and movement on the Outer Banks of North 
Carolina 
2019 - Weithman 
Bio - Thesis  

• Researchers studied Piping Plover, a federally threatened sea bird, population dynamics, chick 
movement, and migration in order to determine why management strategies have not 
successfully grown Piping Plover population 

• Pea Island National Wildlife Refuge was part of the study area 
• It was found that the survival of adult plovers from North Carolina was not significantly 

different, but their chicks’ survival rate was significantly lower 
 

Stable Transmission of Borrelia burgdorferi Sensu Stricto on the Outer Banks of North Carolina 
2017 – Levine, Apperson, et al. 
Bio  

• Borrelia burgdorferi, the spirochaete associated with Lyme disease, was isolated from black-
legged deer ticks and rodents sampled at five sites on the Outer Banks over 18 years 

• It was determined that the spirochaete has continued to transmit over the years and is endemic 
in the region 
 

The role of beach and sand dune vegetation in mediating wave run up erosion 
2018 - Feagin, Furman, Salgado, et al 
Bio 

• Researchers conducted wave flume and field experiments to determine by how much dune 
plants reduce erosion 

• Found that stems and leaves of plant reduced erosion by attenuating wave swash and run up, 
but their roots initially worsened erosion as they were pulled out of the sand  

• Found that vegetation provides an average of 1.6 factor of safety over bare sand  
• Wet biomass and root biomass were recorded at Pea Island  
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The thermal impacts of beach nourishment across a regionally important loggerhead sea turtle (Caretta 
caretta) rookery 

2020 – Shamblott, Reneker, Kamel 

Bio 

• It was found that the mean surface temperature of nourished beaches is significantly higher 
than that of non-nourished beaches  

• Sand temperature is an important factor for loggerhead sea turtle incubation and sex 
determination, so thermal impacts of nourishment would be likely to have an effect on 
loggerhead sea turtles populations  
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ECONOMIC STUDIES 
 

Beach Nourishment - A Report to the North Carolina General Assembly Joint Legislative Oversight 
Committee on Agriculture, Natural and Economic Resources 
2016 - NC Division of Coastal Management 
Econ/Geo/Bio 

• The report focuses on the role of beach nourishment in coastal communities- its costs, benefits, 
and environmental impacts 

• States economic statistics regarding coastal areas including that Dare County accounts for $957 
million/yr of travel expenditures which represents 5% of North Carolina’s travel income 

• The report summarizes the strengths and weaknesses of beach nourishment in terms of storm 
mitigation  

• Summarizes that beach nourishment has its place as a nature based method to reduce the 
impacts of coastal storms and should be used regularly  

• Beach nourishment’s benefits extend beyond infrastructure protection and into environmental 
services, which should be considered in decision making  

Market and Nonmarket Valuation of North Carolina’s Tundra Swans among Hunters, Wildlife Watchers, 
and the Public 
2019 - Frew, Peterson 
Econ 

• Dare county is one of the 16 NC counties that encompasses 99.4% of all tundra swan harvests in 
the state 

• Study used Impact Analysis for Planning system software to estimate the economic activity 
associated with the tundra swans  

• The analysis estimated that tundra swan hunters generate between $306,155/yr and 
$920,161/yr in the state, and tundra swan viewers generate between $14million/yr and 
$42.9million/yr 
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STUDIES FROM NC STATE RESEARCH TEAM 
 

Beach and dune impacts due to hurricane Florence in Dare County, North Carolina 
2019 - Velasquez-Montoya, Sciaudone 

• The report outlines a rapid response survey performed less than two weeks after Hurricane 
Florence made landfall in North Carolina, which investigated the storm’s effects on beaches and 
dunes in the towns of Kitty Hawk, Nags Head, Rodanthe, Buxton, and Hatteras, as well as several 
locations within the Pea Island National Wildlife Refuge 

• The survey included topographic profiles, still imagery and video from drone systems, sediment 
samples, and geo-referenced photographs 

• On Pea Island, the average volume losses for profiles when compared to 18 April 2018 terrain 
model was 31 cu.ft./ft 
 

Impacts of seasonal forcings on the hydrodynamics of Oregon Inlet, NC 
2017 - Velasquez-Montoya, Overton 

• The study validated a Delft3D-SWAN coupled model of Oregon Inlet using gauge measured 
water levels and waves, then applied to model to determine the changes in the Oregon Inlet’s 
hydrodynamics due to wave climate seasonality 

• Concluded that tidal flow regulates the hydrodynamics of the inlet during the summer 
• High energy winter waves result in southward longshore currents, up to 0.75 m/s, which is the 

dominant littoral drift near Oregon Inlet; however, waves coming south of 60 degrees can cause 
longshore current in the opposite direction which could explain the sand accumulation that 
occurs on the down drift side of the inlet, adjacent to the terminal groin 
 

Multi-temporal geospatial analysis of the evolution and closing of Pea Island Breach, NC 
2015 - Velasquez, Sciaudone, Mitasova, Overton 

• The Pea Island Breach’s morphology was monitored from its inception in 2011 to its closure in 
2014 via aerial photos and elevation data  

• It was found that the inlet’s sand distribution changed based on the seasonal wave climate, 
which caused ephemeral features 

• It was found that the inlet recovered sand volume from its breaching until August 2014, but the 
pre-breaching volume has not been reached yet 

 
Natural and anthropogenic-induced changes in a tidal inlet: Morphological evolution of Oregon Inlet 
2019 - Velasquez-Montoya, Overton, Sciaudone 

•  The study identifies the combined effects of human and natural processes on the evolution of a 
tidal inlet in the Outer Banks of North Carolina 

• Trends between 2005 and 2015 that are identified include the main channel’s cyclical response 
to dredging, a 13 degree northward rotation of the main channel, and recurrent sediment 
transport reversal in the southern shoulder 

• Simulations using a morphological model based on Delft3D indicate a net sediment transport 
rate into the inlet of 205,000 m3/yr 

• The model results, along with observations, suggest that the inlet has been in a state of stable 
equilibrium over the past decade, due to the contributions of human and natural processes 
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Observation and modeling of the evolution of an ephemeral storm-induced inlet: Pea Island Breach, 
North Carolina, USA 
2018 - Velasquez-Montoya, Sciaudone, Mitasova, Overton 

• Investigated the life cycle of Pea Island Breach that formed during Hurricane Irene in 2011 and 
closed before the summer of 2013 

• Used remotely sensed data, geospatial metrics, and a numerical model to quantify the effects of 
tides, waves, and storms on the flow velocities and morphology of the breach 

• It was found that wave seasonality was the dominant factor responsible for the growth of spits 
at both sides of the breach, ocean waves modified water levels and velocities in the back 
barrier, and sound-side storm surge during extreme storm events regulated the breach growth 
rate, and duration and decay of peak water levels  
 

Response of Oregon Inlet to Pea Island Breaching 
2018 - Velasquez-Montoya, Sciaudone, Overton 

• The study looked into the effects of the temporary breach in Pea Island, which was open from 
2011 to 2013, on the semi-permanent Oregon Inlet 10 km north of it 

• Numerical modeling experiments investigated changes in flow velocities, water levels, and the 
tidal prism of Oregon inlet due to the dual inlet system, as well as for artificial dual inlet systems 
with idealized channel geometries 

• It was concluded that the breach in Pea Island only had a radius of influence of 5 km, so it did 
not affect Oregon Inlet 

• The experiments with artificial inlet systems suggested that inlet spacing and breach geometry 
are significant factors in multiple inlet stability theory 

 
Spatial and temporal variability in dune field: Pea Island, North Carolina 
2016 - Sciaudone et al. 

• Used data from the NCDOT NC 12 Coastal Monitoring Program to show the spatial and temporal 
variability in Pea Island’s dune field over 2014 

• It was found that the maximum elevations along the study area vary substantially over the 
course of the year, with changes in the order of +/- 4 ft occurring frequently 
 

Vulnerability Indicators for Coastal Roadways Based on Barrier Island Morphology and Shoreline Change 
Predictions 

2021 – Velasquez-Montoya, Sciaudone, Smyre, Overton 

• Provides an overview of the NC DOT Coastal Monitoring Program 
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OTHER STUDIES  

(Not directly relevant to study area) 

A Lévy expansion strategy optimizes early dune building by beach grasses 
2019 - Reijers, Siteur 
Bio 

• Paper reports that Levy-type, heavy-tailed random walks determine the movement of clonally 
expanding plants, like cogeneric beach grasses 

• Also, the paper states that the ability of beach grasses to self-organize and move dictate the 
formation of biogeomorphic landscapes, such as dunes  

• Dune plants have different capacities to building and supporting dunes. For example, European 
marram grass forms tall and steep dunes, whereas North American beachgrass form lower, 
wider dunes  

• Measurements performed on Hatteras and Chincoteague island  
  
Correlation Between Shoreline Change and Planform Curvature on Wave-Dominated, Sandy Coasts 
2019 - Lauzon, Murray, Cheng, et. al.  
Geo 

• Study analyzed 1,700 km of US Atlantic and Gulf Coast, 265 km of that was sandy barrier island 
shoreline along NC coast 

• Study found that at 1-km smoothing scale, 85% of the shoreline has a significant correlation 
between shoreline curvature and short-term shoreline change 
 

Geospatial contrasts between natural and human-altered barrier island systems: Core Banks and 
Ocracoke Island, North Carolina, U.S.A 
2018 – Paris, Mitasaova 
Geo 

• From comparison of Core Banks and Ocracoke Island, the study examined how the presence of 
geomorphological modifications to barrier island alter the physical response of it to change due 
to environmental forces such as storms, sea level rise, etc.  

• Determined that there is more evidence of over wash and inlet activity on the untouched Core 
Banks, and there are significantly less shoreline retreat and observed CCW rotation on Ocracoke 
Island, possibly due to its protective dunes  

  
Late Holocene Evolution of Currituck Sound, North Carolina, USA: Environmental Change Driven by Sea-
Level Rise, Storms, and Barrier Island Morphology 
2015 - Moran, Mallinson, et. al. 
Geo 

• The study used geological data and a hydrodynamic model to determine how the Currituck 
Sound evolved during the Holocene era in response to sea level rise and regional climate 
patterns 

• The hydrodynamic model Delft3D was applied to infer the possible effects of major 
morphological changes on tides and currents 

• Researchers specified 5 different depositional units that were defined based on geophysical 
surveys, lithofacies, biofacies, and geochronological data 
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Living shorelines can enhance the nursery role of threatened estuarine habitats 
2016 - Gittman, Peterson, et. al. 
Bio 

• Study compared sills with landward marsh (a type of living shoreline), unvegetated bulkheaded 
shores (hard structures), and natural salt marsh shores (control) in terms of habitat quality for 
fish and crustaceans 

• On Hatteras Island, it was found that sills with landward marsh hosted higher abundances of fish 
and filter-feeding bivalves than bulkheads or natural salt marshes  

•  The better habitat sills were at least 3 years post construction 
 

The State of the World’s Beaches 
2018 - Luijendijk, Hagenaars, et. al. 
Geo 

• The study’s goal was to develop a global dataset of shoreline erosion and beach type by using 
freely available satellite imagery, along with image analysis methods  

• With manually digitized shoreline data for Hatteras Island from the U.S. Army Corps of 
Engineers, researchers validated their results for the same coastal stretch, determining that the 
average of offsets was 2.0 m with a RMSE of 17 m 
 

Using a Bayesian network to understand the importance of coastal storms and undeveloped landscapes 
for the creation and maintenance of early successional habitat 
2019 - Zeigler, et al  

• Study looked into the effects of storm induced over wash on shorebird habitats by examining 
how piping plover (Charadrius melodus) habitat in New York, New Jersey, and Virginia changed 
after Hurricane Sandy made landfall 

• The study found that the hurricane increased piping plover habitat by 9 to 300% at 4 sites and 
decreased habitat by 27% at 1 site 
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APPENDIX C: Habitat Modeling Update 

Pea Island 2012-2030, Assessment of Storm Impacts 

1. Executive Summary 

Color Infrared (CIR) images were used to create habitat maps for the Pea Island annually from 2012 until 
2020. Habitat classification maps indicate that dominant habitat classes on Pea Island are marshes, 
managed wetlands, shrub, bare sand dune, and beach. Annual habitat changes are predominantly 
between marsh and shrub (and vice versa). Effects of ocean-side storms on habitat classes are most 
notable from vegetated to bare sand dune (vegetation damage on the dune), bare sand dune to beach 
(dune front erosion) and marsh to bare sand (overwash). The paper “Land cover changes on a barrier 
island: Yearly changes, storm effects, and recovery periods”, included in Appendix D, details the habitat 
mapping methods and results over the 2012-2018 time period. An update on the habitat mapping 
methods and results is provided in the main body of this report. 

For this update, inclusion of specific storm rates of change were explored for the first time. Strong storms 
like Hurricane Irene (approaching from the soundside) and Hurricane Sandy (approaching from the ocean 
side) have been shown to create significant and sudden changes in the barrier island landscape. Matrices 
of change rates were developed to incorporate the most significant landscape changes measured during 
these two storms, and then applied in varying scenarios to explore potential changes. Overall in the long 
term, both the “mean” and median prediction methods indicate that areas of bare sand, salt flats, bare 
sand dune, maritime brush, managed wetland, and total dune tend to decrease by 2035, while marshes 
tend to increase. The storm scenarios show that both oceanside and soundside storms tend to cause a 
short-term increase in bare sand and a decrease in marsh, as well as a decrease in vegetated dune and 
corresponding increase in bare sand dune. The soundside storms increased salt flats. In all scenarios, the 
overall island acreage and total dune acreage decreased over the entire time period. 

2. Stella Models 

STELLA (Systems Thinking, Experimental Learning Laboratory with Animation) is a modeling software 
package that uses stocks and flows to imitate a system. In this study, each stock represents a habitat class 
measured in acres. Flows depict the changes into and out of the stock. The model flows are the areas 
transformed to and from a land cover class with units of acres/year. For this study, the change rates were 
computed using multiple different methods and land cover change matrices derived from longer-term 
change data as well as change data that reflected large storms (Hurricane Irene in August 2011 and 
Hurricane Sandy in October 2012). Table 1 details the various Stella models that were created to explore 
future land cover changes. 

The long-term change rates used in the model were defined in two ways. The first was based on the 
change matrix between the earliest and latest years (2012 - 2020) divided by the time between (termed 
“mean”). In the other method, the median for each class change was computed (e.g. the median of all 
rates from bare sand to estuarine pond, the median of all rates from bare sand to salt flat, etc.) over the 
full time period (2012 – 2020). 
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Storm-specific change rates were determined using the rates of change of specific land cover classes 
affected by two significant individual storms (Irene and Sandy), in an effort to forecast storm impacts. For 
the “oceanside storm”, the rates of change of marsh and maritime brush to bare sand (to represent 
overwash), as well as vegetated dune to bare sand dune (to represent dune impacts), from 2012 to 2013 
(accounting for Sandy’s impacts) were combined with the 2013-2020 mean and median change rates of 
the other land classes to create a 1-year change rate due to an “oceanside storm”. Similarly, two 
“soundside storm” change rate matrices were created by incorporating the 1-year and 2-year changes in 
marsh and maritime brush to bare sand, vegetated dune to bare sand dune, marsh to salt flat (2011-2012), 
and water to salt flat (2012-2013), accounting for Irene’s impacts of overwash and island breaching. These 
rates were combined with the 2013-2020 mean and median change rates of the other land classes to 
create Year 1 and Year 2 “soundside storm” change rate matrices. 

Table 1 summarizes the change rates used in each of the model runs. For the long-term simulations, a 
uniform rate of change (either the mean or median) was applied to the entire time period. For the storm 
scenarios, different rates were applied to different time periods as shown in Table 1. The stormy period 
forecast was run two ways, the first beginning with the current island land cover as of 2020, and secondly 
beginning in 2012 at the start of the change time period. In both cases, a long-term rate was applied 
before the storm scenarios were applied.  All of the models were run until the year 2035, as an update to 
the previous modeling report through 2030 and included in the 2018 report. 

The structures of flows and stocks defined in Stella for mean and median long-term models are shown in 
Figure 1 and 2. Habitat stocks are represented with rectangles and the flows are represented by arrows. 
Arrowheads specify the direction of each flow. The flows with one arrowhead depict one-directional flow 
whereas flows with arrowheads at both ends represent two-directional flow. Similar schematics were 
developed for each of the other model runs with varying stocks and flows. 

 

3. Stella Modeling Results 

The output from each of the models is shown in Figures 3 through 7, as noted in Table 1. The measured 
area of each land class is also shown along with a linear regression trend line determined from the 
measured data.  

Overall in the long term, both the “mean” and median prediction methods indicate that areas of bare 
sand, salt flats, bare sand dune, maritime brush, managed wetland, and total dune tend to decrease by 
2035, while marshes tend to increase. For all the other habitat classes one or two methods may indicate 
one trend (increasing or decreasing), but other methods indicate an opposite behavior. The most variable 
results were obtained from the Stella model which used the median change rates.  

The storm scenarios show that both oceanside and soundside storms tend to cause a short-term increase 
in bare sand and a decrease in marsh, as well as a decrease in vegetated dune and corresponding increase 
in bare sand dune. The soundside storms increased salt flats. Even with the storm scenarios, the overall 
island acreage and total dune acreage decreased over the entire time period, similar to the long-term 
steady change rate scenarios. 
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Table 1. Stella Model Descriptions 

Model Name Change Rates Forecast Plan & Rates used Corresponding  
Results Figure 

LT 2012-2035 
Mean & Median 

Mean 2012-2020 Change 
Median Change 2012-2020 

Long-term continuous model run from 
2012 to 2035 using mean and median 
2012-2020 rates 

Figure 3 

OS – SS 2020-
2035 Mean & 

Median 

Mean & Median 2013-2020 
Change 
Oceanside Storm Change (Mean 
& Median) 
Soundside Storm Change Year 1 
(Mean & Median) 
Soundside Storm Change Year 2 
(Mean & Median) 

2020 to 2025 
2025 to 2026 
2026 to 2030 
2030 to 2031 
2031 to 2032 
2032 to 2035 

2013-2020 Change 
Oceanside Storm 
2013-2020 Change 
Soundside Year 1 
Soundside Year 2 
2013-2020 Change 

Figure 4 

SS – OS 2020-
2035 Mean & 

Median 

Mean & Median 2013-2020 
Change 
Soundside Storm Change Year 1 
(Mean & Median) 
Soundside Storm Change Year 2 
(Mean & Median) 
Oceanside Storm Change (Mean 
& Median) 

2020 to 2025 
2025 to 2026 
2026 to 2027 
2027 to 2030 
2030 to 2031 
2031 to 2035 

2013-2020 Change 
Soundside Year 1 
Soundside Year 2  
2013-2020 Change 
Oceanside Storm 
2013-2020 Change 

Figure 5 

OS – SS 2012-
2035 Mean & 

Median 

Mean & Median 2012-2020 
Change 
Mean & Median 2013-2020 
Change 
Oceanside Storm Change (Mean 
& Median) 
Soundside Storm Change Year 1 
(Mean & Median) 
Soundside Storm Change Year 2 
(Mean & Median) 

2012 to 2025 
2025 to 2026 
2026 to 2030 
2030 to 2031 
2031 to 2032 
2032 to 2035 

2012-2020 Change 
Oceanside Storm 
2013-2020 Change 
Soundside Year 1 
Soundside Year 2 
2013-2020 Change 

Figure 6 

SS – OS 2012-
2035 Mean & 

Median 

Mean & Median 2012-2020 
Change 
Mean & Median 2013-2020 
Change 
Soundside Storm Change Year 1 
(Mean & Median) 
Soundside Storm Change Year 2 
(Mean & Median) 
Oceanside Storm Change (Mean 
& Median) 

2012 to 2025 
2025 to 2026 
2026 to 2027 
2027 to 2030 
2030 to 2031 
2031 to  2035 

2012-2020 Change 
Soundside Year 1 
Soundside Year 2  
2013-2020 Change 
Oceanside Storm 
2013-2020 Change 

Figure 7 
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Figure 1. Structure of stocks and flows in Stella using the change rates from 2012-2020. Rates of change are 
indicated by first letter abbreviations (e.g. VD2B = Vegetated dune to beach). 
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Figure 2. Structure of stocks and flows in Stella using the median annual change rates from 2012 to 2020. Rates of 
change are indicated by first letter abbreviations (e.g. VD2B = Vegetated dune to beach). 
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Figure 3. Long-Term Habitat Classes predictions up to year 2035 based on multiple methods 
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Figure 4. Results of Stella Model 2020-2035 with Oceanside Storm in 2025 and Soundside Storm in 2030 



C-8 
 

 

Figure 5. Results of Stella Model 2020-2035 with Soundside Storm in 2025 and Oceanside Storm in 2030 
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Figure 6. Results of Stella Model 2012-2035 with Oceanside Storm in 2025 and Soundside Storm in 2030 
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Figure 7. Results of Stella Model 2012-2035 with Soundside Storm in 2025 and Oceanside Storm in 2030 
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4. Discussion and Future Work 

Habitat classification from high-resolution CIR imagery and modeling provides a general overview of the 
past, present, and future areas of 13 habitat classes within the PINWR. Limitations on habitat classification 
include the presence of shadows near shrubs and dunes that tend to be misclassified. Despite extensive 
fixing, which was conducted for all nine habitat maps, some of these misclassifications would require 
manual editing of each shadow, process that becomes infeasible for such a large domain. Habitat change 
along the edges of the island and salt flats that are prone to salt water flooding are influenced by the 
water level in the sound at the time when the CIR images were taken. Thus, such changes should not be 
interpreted as permanent; instead, they should be compared with other years and could depict cyclical 
behaviors.  
 
One of the main limitations on habitat modeling is that single change rates lead to a linear response of 
the predicted habitat areas; however, measured data indicates that most habitat classes follow a non-
linear behavior. Therefore, predictions provide a generalized trend of future habitats.  
 
As required in the latest easement for retention and maintenance of the Oregon Inlet terminal groin, 
habitat predictions were completed up to 2035 (time interval that not to exceed 15 years in the monitored 
area). However, having only 8 years of data and predicting up to 15 years into the future increases the 
uncertainty of the predictions over time. It is expected that as more data points become available in the 
future, they can be used to improve the models’ rates, thus, making them more likely to successfully 
represent the habitat changes.  
 
Ongoing studies by a Ph.D. student at NC State are focused on modeling the habitat changes not only via 
Stella (showing total acreage) but also linking specific spatial trends and characteristics in a modeling 
framework which would allow for prediction of land cover change both in the spatial and temporal realm. 
This should provide additional information about potential future changes in habitat along the Pea Island 
study area. 
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Vulnerability Indicators for Coastal Roadways
Based on Barrier Island Morphology and

Shoreline Change Predictions
Liliana Velasquez-Montoya, Ph.D., A.M.ASCE1; Elizabeth J. Sciaudone, Ph.D., P.E.2;

Elizabeth Smyre, P.E.3; and Margery F. Overton, Ph.D., M.ASCE4

Abstract: Coastal roadways are vulnerable to changes in landscape that occur at variable spatiotemporal scales. In particular, highways on
barrier islands suffer the consequences of the combined action of the ocean, the back-barrier lagoon, and the morphological changes in the
island. Coastal dunes and beaches are typically the only barrier between the ocean and the island’s infrastructure, while low-lying marshes
separate the infrastructure from back-barrier lagoons. This work addresses the spatiotemporal variability of these coastal features along a
barrier island and proposes a set of vulnerability indicators that allow evaluating past, present, and future vulnerability of a coastal roadway.
Systematically collected remotely sensed data were used to digitize dune elevations and oceanfront and estuarine shorelines in the northern
portion of Hatteras Island, North Carolina, US. Based on these morphological data and their distance to the main roadway on the island, three
vulnerability indicators were defined along shore-normal transects: (1) island width <305 m, (2) dune crest elevation <3 m above the high-
way, and (3) edge of pavement within 70 m of the ocean shoreline. In addition, potentially vulnerable areas of the coastal roadway have been
predicted until 2030 based on historical records of shoreline positions (mid-1940s to present). Of the 20 km of roadway analyzed, currently,
nearly 6 km meet at least one vulnerability criterion. By year 2030, 9 km of roadway will potentially become vulnerable because of proximity
to the shoreline. These results reveal five main regions of concern; of those regions, two breached during Hurricane Irene (2011) and the
others have suffered major dune erosion, overwash, and flooding during winter storms and hurricanes. The vulnerability assessment presented
here allowed identification of historical, present, and future vulnerable spots along the island and continues to inform the North Carolina
Department of Transportation (NCDOT) for their planning and adaption strategies for future phases of highway improvements. The simplicity
of the indicators makes them applicable to other coastal roadways and even other types of critical infrastructure in barrier islands and coastal
regions. However, if used at different locations, the specific thresholds for the indicators can vary depending on local conditions that may
differ from the ones analyzed here. DOI: 10.1061/(ASCE)NH.1527-6996.0000441. © 2021 American Society of Civil Engineers.

Author keywords: Critical infrastructure; Barrier islands; Coastal adaptation; Vulnerability metrics; Pea Island National Wildlife Refuge;
Outer banks of North Carolina; Coastal highway.

Introduction

Barrier islands constitute 10% of the world’s coastlines (Stutz and
Pilkey 2011). The main processes known to control barrier island
dynamics are tidal range and wave climate (Hayes 1979). Other
controlling variables shaping their morphology include relative
sea level change, storms, geology, sediment supply, wind, and

currents (Cooper et al. 2012; Curray 1964; Hayes and FitzGerald
2013; Houser et al. 2008; Mulhern et al. 2017). Barrier island sta-
bility is modulated by biophysical feedbacks between dune ero-
sional and recovery processes (Durán Vinent and Moore 2015).
Barrier islands tend to migrate upward and landward in response
to relative sea level rise (Bruun 1962). Landward migration is driven
by the sediment transport that occurs during storms when the total
water level exceeds the dune crest creating washover fans landward
of the dune (Donnelly et al. 2006). In addition, barrier islands mi-
grate in the along-shore and cross-shore directions via inlet dynamics
(Doughty et al. 2006; Leatherman 1979; Rosati et al. 2010; Nienhuis
and Lorenzo-Trueba 2019; Armon and McCann 1979; Leatherman
1983). These natural processes move sediments from the beach to the
back barrier and across the nearshore, causing barrier islands to be
dynamic coastal landforms. Despite—or in some cases, because of—
this dynamism, barrier islands are some of the preferred locations for
living and vacationing in the US (Crossett et al. 2013; Zhang and
Leatherman 2011). This situation has resulted in the development
of their land and subsequent need for critical infrastructure. Conse-
quently, the evolving nature of barrier islands and their tendency to
be narrow and low-lying continuously poses challenges to the man-
agement of this infrastructure.

Studies by Dolan and Walker (2006), Douglass et al. (2014),
Esnard et al. (2001), Hansen and Sallenger (2007), and Judge et al.
(2003) have identified the main coastal processes that increase the
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vulnerability of infrastructure and coastal communities on barrier
islands. Those processes are storm surge, sea level rise, extreme
waves, excess runoff in lagoons, shoreline and dune erosion, over-
wash, and island breaching, and they occur at temporal scales rang-
ing from hours and days up to a few decades and centuries.
Infrastructure exposure to flooding, water velocities, sand deposi-
tion, and wave action resulting from the aforementioned phenom-
ena is the main cause of structural damage to the built environment
in coastal regions (Esnard et al. 2001; Smallegan and Irish 2017;
Tomiczek et al. 2017) and specifically to coastal highways and
bridges (Anarde et al. 2018; Douglass et al. 2014; Padgett et al.
2008). Coastal roadways built at ground level can suffer from
severe structural damage such as erosion or scour of the embank-
ments over which they are built, pavement undermining, fracture,
and deterioration (Douglass and Krolak 2008). Other moderate is-
sues that can result in transportation corridor downtime and in-
crease driving hazards include sand and debris deposition over
the roadway and standing water.

Coastal roadways constitute the first line of public infrastructure
landward of the ocean and estuarine shorelines. Given the limited
number of major roadways in barrier islands, they are considered
critical infrastructure as they provide routes of access and mobility
for local residents and tourists. Moreover, they are the main route of
evacuation during storms and the main terrestrial infrastructure to
mobilize emergency responders (US Department of Homeland
Security 2019). Thus, to ensure the longevity and proper service
of this critical infrastructure, the design of coastal roadways, their
maintenance, and their operability require strategic planning to ac-
count for present and future morphological and environmental con-
ditions of barrier islands (Transportation Research Board and
National Research Council 2008).

Historically, vulnerability studies have provided transportation
authorities with the information required for management decisions
(Douglass and Krolak 2008). Typical environmental variables
used as vulnerability criteria for coastal regions include mean
and maximum beach elevation, horizontal shoreline displacement
(erosion/accretion), geomorphology, sea level rise trends, and ex-
pected mean and extreme water levels and waves (Gornitz et al.
1994). More recently, the US Federal Highway Administration
(FHWA) has published guidelines for the assessment of highway
vulnerability under varying climate change scenarios (Filosa et al.
2017). However, there are still very few vulnerability assessments
of roadways to coastal hazards in the literature, and it is rare that
transportation authorities establish long-term monitoring efforts
to collect systematic data that allow assessment of road vulner-
abilities through time. This issue may be overlooked for inland
infrastructure, but gains importance in dynamic regions such as
barrier islands, in which morphological conditions are continu-
ously evolving.

To address this issue, this study aims to propose a framework to
describe the spatiotemporal vulnerability of roadways to coastal
processes using three morphological indicators based on the dune
height relative to the roadway, barrier island width, and distance of
the roadway to the ocean shoreline. A case study and a long-term
monitoring program are detailed to provide an example of strategic
planning for a coastal roadway. Specifically, this study presents a
compilation of the vulnerability analyses on the northern portion of
Hatteras Island, North Carolina, US, and the North Carolina High-
way 12 (NC 12) in the last 8 years (2010–2018) of a Coastal Mon-
itoring Program (CMP). The last section discusses the steps that the
North Carolina Department of Transportation (NCDOT) has taken
for strategic planning for the NC 12 and the applicability of this
approach to other regions with coastal roadways and critical
infrastructure.

Study Area

Pea Island

The study area is located on Hatteras Island on the East Coast of the
United States. Hatteras Island is part of a barrier island system known
as the Outer Banks of North Carolina, with the northern part of the
island commonly known as Pea Island because this portion was once
separated from Hatteras Island by an inlet. It is home to the Cape
Hatteras National Seashore, which is managed by the National Park
Service and the Pea Island National Wildlife Refuge, which is man-
aged by the US Fish and Wildlife Service. The area of interest is a
20-km (12.5 mi) long portion of Hatteras Island extending from the
north tip of the island to the community of Rodanthe (Fig. 1) with
widths ranging from 200 m (656 ft) to 1,700 m (5,577 ft).

The island, bordered by Oregon Inlet in the north, the Atlantic
Ocean on the east, and the Pamlico Sound on the west, has a ridge
of dunes with maximum elevations varying between 3 and 10 m
(NAVD 88) (Sciaudone et al. 2016). These dunes date back to the
1930s when the Civilian Conservation Corps (CCC) built them as
part of an erosion control project known as the Dune Stabilization
Project (Birkemeier et al. 1984). In the northern half of the refuge,
the dunes are unvegetated and unconsolidated piles of sand that are
continuously rebuilt via bulldozing within the easement of the high-
way that runs along the island. Historical records indicate that these
northern exposed dunes with little to no vegetation can easily lose
between 1 and 2 m in elevation in any given year due to Aeolian
processes and nor’easters (Sciaudone et al. 2016). In the southern half
of the refuge there is a section in which dunes are vegetated and ero-
sional changes have been occurring since 2016, mostly on the dune
face. At the southernmost end of the refuge, the island narrows, and
dunes are similar to those unvegetated and unconsolidated piles of
sand seen in the north. Dune growth on Pea Island is mainly driven
by anthropogenic processes (rebuilding), and there is no evidence of
recent natural dune growth along the refuge.

Since 1938, this section of the island hosts the Pea Island Na-
tional Wildlife Refuge (PINWR), which was established to provide
habitat and protection for endangered species, nesting, resting, and
wintering habitat for migratory birds, and to provide opportunities
for public enjoyment of wildlife and wildlands resources (US Fish
and Wildlife Service 2016). The infrastructure on the refuge is rel-
atively sparse; consisting of a visitor center, a few facilities for the
refuge operations, three man-made impoundments built in the late
1940s and 1960s to enhance habitat quality for migratory water-
fowl, and the NC 12 coastal highway, which is a coastal highway.
The latter went from a sand trail to a paved road in the 1950s. Re-
lated to the NC 12 transportation corridor are the Herbert C. Bonner
Bridge over Oregon Inlet and a terminal groin built on the north tip
of the island (Fig. 1) to protect the southern abutment of the bridge
from scour due to inlet migration. The Bonner Bridge reached its
design life and was recently replaced by the Marc Basnight Bridge,
which runs almost parallel to the older bridge alignment.

In this region the tides are semidiurnal with a range of 1 m in the
ocean side and 30 cm in the sound side (Inman and Dolan 1989).
The mean sea level at the closest tidal gauge (NOAA Station
Oregon Inlet Marina, ID: 8652587) is −0.038 m relative to NAVD
88. The region has a seasonal wave climate, during the summer
calm conditions prevail, but occasional hurricanes and tropical
storms can reach the area. Winter on the other hand, is dominated
by frequent nor’easters. These extratropical storms bring strong
winds and waves from the northeast that have enough energy to
drive major morphological changes in the study area, mostly related
to dune erosion and overwash (Inman and Dolan 1989). Fig. 2
shows the timeline of storms, including named hurricanes and
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nor’easters, that occurred from 2010 to 2018. The ocean-side data,
recorded at a station 50 km north of Pea Island, indicate that hur-
ricanes and major storms can generate significant wave heights
higher than 4 m at 17 m depth, while both ocean- and sound-side
maximum water levels can reach values above 1 m (NAVD 88).

Hurricanes Irene and Sandy have been the most intense storms
that impacted the study area between 2010 and 2018; however, they
were very different events. Hurricane Irene traveled north through
the Pamlico Sound in August 2011 generating a sound-side surge
of 1.9 m (Kurum et al. 2012), maximum water levels up to 2.1 m
(NAVD 88), and opening two breaches along Hatteras Island
(Clinch et al. 2012; Hardin et al. 2012). The breaches occurred
at narrow locations in the island in which remnants of paleo-inlets
(e.g., ponds and estuarine channels) were hydraulically connected
to the sound. The paleo-inlets that have existed at those locations
are known as New Inlet and Chickinacommock Inlet (Birkemeier
et al. 1984; Fisher 1962; Mallinson et al. 2010).

The smaller of the breaches opened in the south end of the
PINWR (Rodanthe Breach) and closed within days assisted by
earth-moving efforts within the NC 12 easement. The other breach
opened in the middle of PINWR (Pea Island Breach, north portion

of the New Inlet region in Fig. 1(b), it remained open for less than
two years and closed naturally after a stormy winter in May 2013
(Safak et al. 2016; Velasquez-Montoya et al. 2018). Although both
breaches destroyed portions of NC 12, the transportation corridor
was restored via road reconstruction at the southern breach and
construction of a temporary bridge at the site in the center of
the PINWR.

Hurricane Sandy, on the other hand, stayed offshore of the Outer
Banks, causing ocean shoreline erosion and dune overwash from
the ocean side [Fig. 1(a)] degrading portions of the dune field along
PINWR (Overton 2012). Other significant storms during the 2010–
2018 period include Hurricanes Joaquin (2015), Hermine, and
Matthew (2016) and winter storm Riley (2018).

NC 12 Highway

The NC 12 highway is a state highway that runs from Corolla to
Cedar Island in North Carolina. In this study, only 20 km of road
along the PINWR are considered. NC 12 is a two-lane road with
3.35-m (11-ft) wide lanes plus 1.22-m (4-ft) wide shoulders. It car-
ries local and regional traffic providing the only roadway access and

Fig. 1. (Color) Location of Pea Island National Wildlife Refuge (PINWR) relative to southeast US and Outer Banks of North Carolina: (a) overwash
fans after Hurricane Sandy (2012); (b) barrier island breaching during Hurricane Irene (2011); and (c) beach nourishment (2014). (Aerial images
courtesy of NCDOT.)
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evacuation route for Hatteras Island and the communities located
south of the PINWR. Based on data from 2002, the average annual
traffic volume of NC 12 in the study area is 5,400 vehicles per day
and 8,800 vehicles per day during the summer tourist season (FHWA
2008). These numbers and tourist interviews by Seekamp et al.
(2019) suggest that the access to the Outer Banks via the NC high-
way 12 is one of the main drivers of tourism in the region.

Long-term coastal processes, inlet dynamics, and storm events
drive the morphology of Pea Island and, in turn, the vulnerability
of the road. The proximity of the NC 12 to the shoreline has made
sections of this road vulnerable to flooding, sand deposition over the
pavement, and pavement fracture and undermining [Figs. 1(a–c)].
Tropical cyclones tend to cause the most severe structural damage
in the roadway, and they may hit the region multiple times per year.
Nor’easters are constant during the winter and typically cause dune
erosion and overwash in regions of degraded dunes; they can result
in road closures, but not necessarily structural damage. Since state
regulations do not permit erosion control structures along the ocean
shoreline, the only protection of the roadway from the action of the
ocean are the beach and dune ridge along Pea Island. Nonetheless,
long-term erosion and storms have eroded portions of these dunes
(Overton and Fisher 2004; Sciaudone et al. 2016), which are con-
stantly maintained and rebuilt within the highway right-of-way by
NCDOT. This spatial restriction results in dune rebuilding focusing
on tall instead of wide dunes.

The Final Environmental Impact Statement for the replacement
of the Bonner Bridge (NCDOT 2008) reported the types of main-
tenance activities and the general frequency with which they are
necessitated in different areas along the refuge. In general, road
scraping is required one to two times per month, dune maintenance
two to three times per year, dune rebuilding one to two times per
year, and dune translation one to two times per year. Given the afore-
mentioned circumstances, the history of damage and repairs for NC
12 includes frequent clean up and dune reconstruction operations,
road relocations, and implementation of soft mitigation alternatives
to protect the roadway. Table 1 summarizes the main state and
federal actions taken in the PINWR section of the highway.

In the timeframe of this study, the maintenance expenses related
to coastal processes affecting the road have remained above

$300,000/year. In fact, between 2010 and 2017, NCDOT spent
nearly $27.2 million in disaster and hurricane recovery, special
projects, and maintenance of NC 12 within the study area. In ad-
dition, a federally funded beach nourishment project placed nearly
1.6 × 106 m3 of sand near the southern edge of the PINWR for
protection of the NC 12 highway in 2014 [Fig. 1(c)] (Overton
2015). According to the National Beach Nourishment Database
(Campbell and Benedet 2006), the cost of the latter project was
$19.4 million.

Background Information on the Coastal Monitoring
Program (CMP)

Oregon Inlet, located on the north end of Pea Island (Fig. 1), was
a naturally migrating inlet moving south at an average rate of
22.9 m=year (75 ft=year) and west at an average rate of 4.9 m=year
(16 ft=year) (Inman and Dolan 1989). In 1961, the Herbert C. Bonner
Bridge was constructed over Oregon Inlet to extend NC 12 to the
south, providing vehicle access to Pea Island and Hatteras Island.
The bridge design took into account estimates of future inlet migration
relative to the design life of the bridge. However, in the 1980s, inlet
migration increased, and the southern end of the bridgewas threatened.
Inman and Dolan (1989) attributed the acceleration of inlet migration
in part to dredging of the inlet and disposal of material offshore.

In 1988, NCDOT assembled a task force to assess the risks to
the bridge associated with inlet migration and to evaluate several pro-
tection alternatives. A terminal groin on the north end of the PINWR
was recommended to stabilize the south side of the inlet and protect
the bridge abutment. Because the groin was to be built on land man-
aged by the US Fish and Wildlife Service and within the Cape Hat-
teras National Seashore, NCDOT was required to ensure that the
groin would not accelerate the erosion of the downdrift shoreline.
This requirement led to the beginning of the terminal groin monitor-
ing program to assess shoreline changes over a 10-km stretch of the
island located south of Oregon Inlet (Overton et al. 1992).

Construction of the terminal groin began in the fall of 1989 and
was completed in 1991. Since then, the monitoring program has
been in place to assess shoreline response to the structure along
Pea Island. The terminal groin monitoring program analyzed aerial
photographs taken every two months as well as immediately after

Fig. 2. Timeline of storms defined as significant wave heights (Hs) >2 m and duration >8 h: (a) maximum Hs at 17 m, Waverider of USACE Field
Research Facility (FRF) located 50 km north of PINWR (black dots); and (b) maximum water levels at ocean side of FRF (black diamonds) and at
sound side at Oregon Inlet Marina (empty squares).
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severe storms. The photographs were used to digitize the shoreline
and to determine if the terminal groin was causing accelerated shore-
line erosion downdrift of Oregon Inlet via comparison with the
shoreline position predicted from historical rates. To date, the data
indicate that the terminal groin has not caused adverse impact in the
downdrift ocean shoreline (Joyner et al. 1998; NCDENR 2010;
Overton et al. 1992; Overton and Sciaudone 2018).

In 1990, NCDOT began studying alternatives to replace the
Bonner Bridge before reaching its design life cycle, with the pre-
ferred alternative selected in 2010 (NCDOT 2017). The 2010 Re-
cord of Decision set forth a long-term plan for NC 12 between
Oregon Inlet and the community of Rodanthe that included a par-
allel bridge corridor across Oregon Inlet and a phased approach to
maintaining the transportation corridor along Pea Island as part of
the NC 12 Transportation Management Plan. A component of this
plan is the current CMP, which is designed to provide the data
needed for engineers to assess the vulnerability of the highway
along the PINWR and to assist the agencies in deciding when
and where the planning efforts for future phases of NC 12 should
begin. The CMP study area extends approximately 21 km (13 mi)
south of Oregon Inlet to Rodanthe, including the entire width of
Hatteras Island between the ocean and estuarine shorelines. Cur-
rently, the CMP includes the bimonthly collection of aerial photo-
graphs and digital terrain models four times a year.

The CMP provides an example of a long-term monitoring
effort to collect systematic data that allow assessment of road vul-
nerabilities through time. The current expanded program includes a
prognostic component to identify vulnerable areas of the coastal
highway at the 2030 planning horizon (Overton and Sciaudone
2018). A critical aspect of the CMP is that it is not a static program;
instead, its scope evolves over time as additional information be-
comes available year by year and NCDOT’s management chal-
lenges change along the transportation corridor.

Data and Methods

Data for this study consisted of aerial photographs of the barrier
island with resolution varying from 0.15 m (0.5 ft) to 0.3 m

(1 ft) from mid-2011 to 2018, provided by NCDOTon a bimonthly
basis (generally in February, April, June, August, October, and
December, although weather conditions occasionally necessitate
changes in the flight timeline). NCDOT also provided photogram-
metrically derived digital terrain models with elevation in NAVD
88 four times a year (generally February, April, August, and
October). The aerial imagery and the elevation data cover the whole
subaerial extent of the PINWR, from the terminal groin in the north,
to the limit of the community of Rodanthe in the south. These data
were imported into ArcGIS, where, by means of digitization, key
morphological features of the barrier island and the road were com-
puted. Key features included the ocean shoreline, estuarine shore-
line, dune crest location and elevation, road elevation, distance
from the eastern edge of pavement to the ocean shoreline, and is-
land width (Fig. 3).

The shoreline is represented as the visible wet-dry line for sandy
beaches on the ocean side, and the limit of the marsh vegetation is
used to represent the estuarine shoreline. In the regions in which the
estuarine shoreline is sandy, the wet-dry line is used. It is noted that
when channels or ponds wider than approximately 10 m are hy-
draulically connected to the sound, the estuarine shoreline includes
the outline of those channels. The wet-dry line (also known as the
high-water line) is used because it has a smaller horizontal dis-
placement than the swash terminus, therefore it is more suitable for
long-term shoreline change analysis (Dolan et al. 1980). Since the
beginning of the CMP in August 2010, 44 ocean shorelines have
been mapped. Additional shorelines were digitized from historical
imagery available along the PINWR (e.g., t-sheets and aerial im-
ages from state and federal agencies that date back to the 1940s).
The number of shorelines available along Pea Island and their range
of dates are shown in Fig. 4. It should be noted that the terminal
groin has been shown to be influencing the behavior of the first
5 km of shoreline (Overton et al. 2004), therefore only shorelines
after initiation of groin construction in 1989 are considered for
analysis in the northern part of the island.

The dune crest elevation, the distance from the edge of pave-
ment to the ocean shoreline, and the island width are computed
at predefined shore normal transects with 45.7-m (150-ft) spacing

Table 1. Summary of the major highway protection/reconstruction actions along the portion of NC 12 within the PINWR

Year Action Location Trigger

September 1967 Road relocation Canal Zone, 3.7 km south
of the Bonner Bridge

Frequent overwash

December 1988 Road relocation S-Curves Long-term shoreline erosion and overwash
1989–1991 Construction of terminal groin. This structure was

allowed as an exception to existing rules that
prohibit permanent structures in the ocean
shoreline.

North tip of Pea Island Southward migration of Oregon Inlet and
potential encroachment of the inlet into the
southern abutment of the Bonner Bridge

1992 Sandbags placement Old Sandbag Area Overwash and flooding
1996 Road relocation, sandbags removal and dune

reconstruction
Old Sandbag Area Sandbags were a temporary solution to

overwash and flooding
2007–2008 Dune reinforcement with sandbags S-Curves, just north of the

community of Rodanthe
Long-term erosion and flooding

2011 Temporary bridge New Inlet Barrier island breaching
2011 Road and dune reconstruction S-Curves Barrier island breaching
2014 Beach nourishment and dune reconstruction

(USACE)
S-Curves in narrow
section of Pea Island

Ocean shoreline erosion due to Hurricane
Sandy and subsequent nor’easters

2016–2018 Pea Island interim bridge New Inlet Barrier island breaching (replacement for
temporary metal bridge built in 2011)

2018–2020 Rodanthe jug handle bridge S-Curves Long-term erosion and frequent impacts
from hurricanes and nor’easters

Sources: Data from Cole (1989); Overton and Fisher (2004); Sciaudone et al. (2016); Stone et al. (1991).
Note: This list does not include maintenance or repair work associated with the Herbert C. Bonner Bridge or sand disposal from dredging Oregon Inlet.
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[Fig. 3(a)]. These transects extend across the whole barrier island
from a fixed baseline offshore. The dune crest is computed as the
maximum elevation between the eastern edge of the pavement of
NC 12 and the ocean shoreline. This computation is based on in-
terpolated profiles along the transects using elevations from the dig-
ital terrain models. Fig. 3 shows a schematic of these three
morphological variables.

Vulnerability Indicators

To assess the overall vulnerability of the road at each transect,
researchers and NCDOT personnel have worked together to define
specific vulnerability criteria for NC 12. The criteria have been
revised over time; here we only present the most recent three cri-
teria that are evaluated at the end of each calendar year, as shown
on Fig. 5. These three vulnerability criteria are based on historical
records of road damage related to morphological changes in Pea
Island. It should be noted that despite the fact that the specific thresh-
olds for each indicator are specific to Pea Island and NC 12, the over-
all definition of the indicators is relevant to other barrier islands, as
most of these coastal environments are narrow, low-lying, and are

prone to overwash and breaching from either side of the island dur-
ing coastal storms.

Island Width Less Than 305 m (1;000 ft)
The island width is measured as the horizontal distance from the
ocean shoreline to the estuarine shoreline. When this distance is
less than 305 m (1,000 ft) the road is considered vulnerable to
flooding from both the ocean and the sound side. It should be noted
that if a robust dune system exists on one side of the road, this
criterion still allows accounting for vulnerability to flooding from
the body of water on the other side of the island. This consideration
is of particular importance for barrier islands located in front of
large lagoon systems, such as the Outer Banks, in which storm
surge rebound from the sound side contributes to flooding and is-
land breaching as hurricanes move north (Bush et al. 1996; Clinch
et al. 2012; Kurum et al. 2012).

Initially, the portions of the road located within the 10% narrow-
est sections of the island (≈335 m) were identified as vulnerable to
flooding from both sides. This threshold was subsequently modi-
fied to the 305-m threshold based on the island widths at the lo-
cations along the Outer Banks in which two breaches opened

Fig. 3. (Color) Schematic of (a) island width; (b) distance from edge of pavement to ocean shoreline; and (c) dune crest elevation computed at
transects. [Aerial images (a and b) courtesy of NCDOT.]

Fig. 4. (Color) Spatiotemporal distribution of number of shorelines available to compute change rates (erosion/accretion) along PINWR. (Aerial
images courtesy of NCDOT.)

© ASCE 04021003-6 Nat. Hazards Rev.

 Nat. Hazards Rev., 2021, 22(2): 04021003 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
or

th
 C

ar
ol

in
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

6/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



during Hurricane Irene in August 2011 (described in the “Study
Area, Pea Island” section) and one breach opened during Hurricane
Isabel in 2003. The latter, located 45 km south of the southern end
of the PINWR, between the villages of Hatteras and Frisco
(Wamsley and Hathaway 2004). The island width as measured
from channels and ponds hydraulically connected to the sound
at the aforementioned locations where the island breached was
<305 m. This distance becomes a critical indicator of island
breaching and back-barrier flooding when there are estuarine chan-
nels or bodies of water that funnel storm surge toward a narrow
section of the barrier island (e.g., tidal creeks, remnant channels
from historic river channels created during periods of lower sea
level, or paleo-inlets). The presence of those channels has histor-
ically coincided with island breaching locations in the Outer Banks.
Therefore, recognizing the importance of the sound-side morphol-
ogy and hydraulic connectivity, this criterion considers vulnerabil-
ity to island breaching and flooding from both the ocean and
the sound.

It is important to realize that vulnerability to island breaching
does not only depend on sound-side morphology and island width;
other variables of critical importance include island maximum
elevation and volume of protective sand from the roadway to
the shoreline (dune and beach). To account for those variables,
two additional vulnerability indicators have been developed.

Dune Crest Elevation Less Than 3 m (10 ft) above NC 12
The vertical distance between the dune crest and the highway is mea-
sured at each transect, if that distance is less than 3 m, that section of
the roadway is considered vulnerable to flooding and sand deposi-
tion from dune overwash. This criterion was defined based on Storm-
induced BEAch Change Model-SBEACH (Larson and Kraus 1989)
simulations used to determine the likelihood of occurrence of dune
overwash due to total water level probability for the region. Overton
and Fisher (2007) found that a dune template with a dune crest lo-
cated 3 m above the roadway, such as the one shown in Fig. 6, has a
50% chance (þ=−5%) that about 45% of the dune would be eroded
due to a single storm in a 4-year period.

According to the storm impact scale proposed by Sallenger
(2000), the elevation of the total water level relative to the dune toe
and dune crest can result in four storm impact regimes (1) swash:
no net change in the dune, (2) collision: net dune face erosion,
(3) overwash: dune is overtopped and eroded sediments are trans-
ported landward of the dune crest, and (4) inundation: dune com-
pletely eroded. In the context of roadway vulnerability, dunes
should be high enough to remain in the first two regimes that would
prevent immediate road damage.

Considering that the average elevation of the road is 1.3 m
(NAVD 88) and the results from Overton and Fisher (2007) on
the dune dimensions mentioned at the beginning of this section,
in order for the road to not be vulnerable to overwash, the dune
crest must be higher than 4.3 m (NAVD 88). This dune crest eleva-
tion would be under the collision regime for a typical winter storm
in the Outer Banks, which as defined by Sallenger (2000), has a
deep-water wave height of 2.5 m, a period of 7 s, and a water level
due to surge and tide of 1.2 m.

The 3-m relative elevation threshold was defined for unvege-
tated dunes. Given that unvegetated dunes erode more easily than
vegetated ones (Durán Vinent and Moore 2015; Feagin et al. 2015;
Silva et al. 2016), it is assumed that the threshold accounts for the
worst case scenario and it is also applied to vegetated dunes.

Critical Buffer
The road is potentially vulnerable to ocean-side flooding in areas in
which the eastern edge of pavement is within 70 m (230 ft) of the
present ocean shoreline. This criterion was first defined for NC 12
by Stone et al. (1991) as the 230 ft critical buffer; it is based on the
work of Cole (1989), who identified problem areas along the trans-
portation corridor and typical distances at which NCDOT initiated
previous remedial actions, including road relocation or nourish-
ment projects. Those analyses indicate that most remedial actions
were taken when the eastern edge of pavement was at an average
distance from the shoreline of 66 m. The 70-m threshold is more
conservative and provides the distance required to sustain the mini-
mum configuration of a beach and a barrier dune such as the one
shown in Fig. 6. This distance allows for a 30-m (100-ft) wide

Fig. 5. (Color) Vulnerability indicators (explanatory diagram not scaled).

Fig. 6. Dune profile with a dune crest 3 m above roadway and nearly
70 m from edge of pavement to shoreline.
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beach with a dune having a 1∶5 seaward slope; 1∶3 landward slope,
and a dune crest 4.5-m (15-ft) wide and 4.5 m above the road (just
above the dune crest elevation criterion). This profile approaches
the recommended beach design templates developed by the US
Army Corps of Engineers based on SBEACH simulations and eco-
nomic optimizations (USACE 2002). Besides, at 70 m (230 ft)
from the shoreline, dunes become vulnerable to storms with return
periods as low as 3–5 years (Overton and Fisher 2004). This cri-
terion, in combination with indicator 2, is considered as proxies for
protective beach and dune volume, and both of them allow account-
ing for the vulnerability of the road to ocean-side processes such as
flooding, long-term and short-term erosion.

Vulnerability Composite
This study compiled and mapped 8 years of data along the barrier
island to compare the vulnerability of the highway, year by year,
and analyze the evolution of each indicator through time and space.
A composite of all indicators was built for each year by adding each
indicator as a single factor (indicator 1þ indicator 2þ indicator 3),
resulting in values from zero to three, in which zero means no vul-
nerability and three is the highest possible vulnerability when the
three vulnerability criteria are met and the roadway is under immi-
nent risk of damage.

It should be noted that each indicator addresses vulnerability of
the road to different processes, therefore even at locations with a vul-
nerability composite with a value of 1 or 2, it is likely that the trans-
portation corridor will experience moderate and severe damage,
respectively. However, the severity of road damage depends on the
criteria met. Therefore, the composite should be analyzed in combi-
nation with the individual criteria. For example, if the dune elevation is
low relative to the road (indicator 2) and this is the only criteria met for
a set of transects, dunes could be overtopped during a storm, leading to
sand being deposited over the pavement. Road damage will be even
more likely and severe if, in addition to meeting the aforementioned
criterion, the road is within 70 m of the shoreline (indicator 3). If these
two criteria are met, sand deposition over the road, flooding, and road
undercutting become possible. If on top of that, the island is narrow
(indicator 1), road damage will be imminent during a major storm.
Under this circumstance, in addition to the damages previously listed,
flow could develop from ocean to sound or vice versa, potentially
leading to an island breach and complete removal of the roadway.

Prediction of Highway Vulnerability

In addition to the previously described vulnerability criteria, areas
in which the shoreline would be expected to recede to the critical
buffer zone and decrease the island width to the vulnerability cri-
terion are predicted in 2-year increments until 2030. Generally
speaking, the identification process consists of predicting the ex-
pected position of the ocean shoreline every two years until 2030
and comparing it with the 70-m critical buffer and the island width
criterion as defined in the previous section. These computations are
completed for each transect along the PINWR.

The first step in this process is to compute the ocean shoreline
change rate based on shoreline positions relative to an offshore
baseline. The linear regression method is used to compute the
shoreline change rate based on historical shoreline positions includ-
ing data that go back to the 1940s as well as that collected since the
beginning of the terminal groin monitoring program and the CMP
(shown in Fig. 4). The linear regression method has been proven to
be a reliable predictor for shoreline trends for long-term intervals
(Crowell et al. 1997; Douglas et al. 1998; Luijendijk et al. 2018;
Montaño et al. 2020; Overton et al. 2004). In addition, this method
minimizes the bias toward underpredicting or overpredicting
erosion based on the current position. Nevertheless, shoreline

change trend may not always be a simple linear relationship, and
uncertainty exists in any shoreline prediction.

To account for uncertainty, this study employed prediction inter-
vals to provide an estimate of the range of potential shoreline posi-
tions at each transect into the future. A prediction interval is an
estimate of a range in which future observations will fall, with a cer-
tain probability, given what has already been observed (i.e., a 95%
prediction interval indicates that there is a 95% probability that a
future observation will be contained within the prediction interval).

In this study, a 95% symmetric prediction interval was used.
Given the differences in shoreline behavior along the island and
the number of shoreline positions at each transect and their tempo-
ral availability, the width of the prediction interval is variable be-
tween transects (“Results” section presents the details). It is
assumed that the uncertainty captured in the prediction intervals
allows accounting for the shoreline response to local sea level rise
by the year 2030. This assumption is based on the relative sea level
rise rate of 4.69 mm=year reported at the closest NOAA tidal gauge
(Station 865287 Oregon Inlet Marina) and a beach in equilibrium
with the typical morphology of the study area (i.e., grain size ¼
0.3 mm, depth of closure ¼ 8 m, and a berm height ¼ 2 m). Using
the Brunn Rule (Bruun 1962), the expected shoreline erosion rate
due to sea level rise is 0.24 m=year, which translates into nearly
2.64 m of shoreline erosion by 2030. As shown in the results,
2.64 m of shoreline erosion is far less than the uncertainty attrib-
uted to predicting the shoreline position in any year.

Once the shoreline change rates and their corresponding pre-
diction intervals are computed for each transect, the second step
consists of predicting the shoreline position by using the linear re-
gression trend at each transect and comparing the predicted shore-
line position with the 70-m critical buffer. The landward-most
shoreline position in the 95% prediction interval range is consid-
ered a proxy for the potential high-erosion shoreline position, while
the seawardmost position provides an estimate of the low-erosion
case. This band of expected positions is compared with the 70-m
critical buffer to assess the potential future vulnerability of NC 12 at
each transect. Using a conservative approach, any location in which
the high-erosion shoreline position recedes to or beyond the 70-m
critical buffer is identified as potentially vulnerable in the future.
Similarly, the island width is measured between the estuarine shore-
line and the high-erosion ocean shoreline, areas in which this dis-
tance is less than 305 m are considered potentially vulnerable in the
future. Changes in estuarine shoreline position are at least one order
of magnitude smaller than ocean shoreline changes, therefore is it
assumed the that potential changes in estuarine shoreline are within
the uncertainty range accounted for by use of the high erosion line.

A composite of potential vulnerability is created based on the
two criteria mentioned previously. The dune elevation criteria is not
included in the assessment of future vulnerability as it is unfeasible
to accurately predict dune elevation in a decadal time scale, espe-
cially when storm frequency and anthropogenic changes to the
environment are uncertain. Therefore, predicting future dune ele-
vations are beyond the scope of this paper.

Results

The identification of the spatiotemporal variability of the vulner-
ability indicators along NC 12 was completed using 9 years of
compiled data from 2010 to 2018, as shown in Fig. 7. This figure
shows where and when each indicator (1, 2, and 3) was met or not.
The vulnerability indicators were neglected at the six transects that
intersect the interim bridge built over Pea Island Breach because the
bridge is an elevated structure and it was built to withstand a breach
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similar to the one that opened in 2011. To facilitate description of
the results, the study area was subdivided into zones named after
island and road characteristics [Fig. 7(a)].

Individual Vulnerability Criteria

There are four sections in the southern half of the island that have
reached the threshold of island width (indicator 1) and remained
narrower than 305 m from 2010 to 2018. Of those four sections,
two already breached during Hurricane Irene in 2011 (horizontal

bar with diagonal lines in Fig. 7). The other two correspond to the
location of the historical New Inlet (star in Fig. 7) and to the nar-
rowest section along the S-Curves (so named because of the road’s
curvature) in which the beach nourishment took place in 2014
[Fig. 1(c)]. The other few spots in which island width has been less
than 305 m have occurred intermittently due to hydraulic connec-
tivity of the sound with the salt flats and estuarine ponds that could
potentially drive flow through the island.

The dune crest vulnerability criterion (indicator 2) occurs more
often in space and time than the other two criteria (Fig. 7). It is

Fig. 7. (Color) Spatiotemporal vulnerability indicators and composite along Pea Island (2010–2018). Three center panels (b, c, and d): black and
white areas indicate when and where each criterion was met (YES) or not met (NO). Panel (e) shows composite of vulnerability criteria (indicator 1þ
indicator 2þ indicator 3). Green colors indicate transects and years for which none of criteria were met, yellow indicates that only one criterion (any of
three) was met, orange indicates two criteria were met, and red indicates that three criteria were met at a particular location and year. On panel (a), star
corresponds to location of historical New Inlet. Horizontal bar with diagonal lines on panels (b), (c), (d), and (e) indicate regions in which Pea Island
breached during Hurricane Irene in 2011. (Aerial images courtesy of NCDOT.)
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especially recurrent in a 5 km section along the Canal Zone and
North Pond, in which the dunes are unvegetated and continuously
eroded by winds and waves. It should be noted that this indicator
became prevalent in 2012, the year in which Hurricane Sandy
heavily eroded the dunes of Pea Island. In some sections, this cri-
terion was met early, but the trend was then reversed when NCDOT
conducted dune replenishment for highway protection. Unsurpris-
ingly, the two other sections in which the dune crests have been less
than 3 m over the road are located around the regions that were
breached during Hurricane Irene.

The road has been within a 70-m buffer from the ocean shoreline
(indicator 3) at five regions along the study area (Fig. 7). Three of
them are located in the north half of the island (Canal Zone and
North Pond) and the other two to the south (S-Curves). The former
three vulnerable spots are located at sections in which the road is
convex to the shoreline; they tend to expand in the latitudinal di-
rection and to become more persistent over time. The southern two
regions show very different behavior, one occurring only in 2013
and later mitigated by the beach nourishment project, and the other
in the south end of the PINWR that has met this vulnerability cri-
terion for the whole 8 years.

Composite Vulnerability Criteria

Fig. 7(e) indicates that the least vulnerable transects (in green) oc-
cur where the road is far enough from both shorelines and the dune
field tends to be well-developed and vegetated. The least vulnerable
regions are located near the pocket of the terminal groin (north of
the Canal Zone), the center of the Old Sandbag Area, and the ap-
propriately named Stable Zone. For the remaining colors, the
warmer the color is, the more vulnerable a transect is. Overall, three
areas have been more vulnerable than the rest of the island; they are
distributed in the Canal Zone, New Inlet, and S-Curves.

In the whole study area, only two regions (composed of at least
two transects) have reached the maximum vulnerability criteria.
The transects in those regions are shown in Fig. 7(a) and in detail
in Fig. 8. As previously mentioned, the island width indicator is
affected by the hydraulic connectivity between the sound and estua-
rine ponds through narrow channels. As indicated in Fig. 8, both
areas experienced overwash during Hurricane Sandy in 2012, after
this year the dune crest vulnerability criterion remained constant.

As shown in Fig. 8(a), the island width and the critical buffer are
very close to their criteria threshold. As a result, relatively small
changes in the ocean shoreline have created an intermittent behav-
ior of indicators 1 and 3 between 2014 and 2018. Areas that have
increased the number of indicators over time include the middle of
the Canal Zone, the south end of the North Pond (in which the
PINWR visitor center is located), the historical location of New
Inlet (the star in Fig. 7), and the Rodanthe Breach region within
the S-Curves zone.

The validity of the vulnerability indicators was evaluated by
comparing the areas that have been predicted to be vulnerable
against the areas in which NCDOT reported road impacts and ex-
penses related to sand removal and repairs from winter storms and
hurricanes from 2011 to 2016 (Table 2). Overall, every year,
NCDOT removed sand or repaired the road in the Canal Zone and
the S-Curves. Similarly, in the New Inlet region, NCDOT has com-
pleted repairs every year with the exception of 2015. A portion of
the road along the Old Sandbag Area required repairs after Hurri-
cane Sandy in 2012. On the other hand, the portions of the roadway
within the North Pond and the Stable Zone did not require sand
removal nor road repairs due to storms. These reports clearly match
the composite vulnerability indicators, in which the Canal Zone,
New Inlet, and S-Curves region were identified as the most vulner-
able regions.

Predicted Vulnerability (2020–2030)

The first step to predict vulnerable locations by the year 2030 was
to compute the shoreline positions at each transect into the future.

Fig. 8. (Color) Transects that have reached three vulnerability indicators from 2010 to 2017. Transects in (a) and (b) correspond to vulnerable
transects north and south of Pea Island, respectively, in Fig. 7. (Aerial images courtesy of NCDOT.)

Table 2. Regions along the PINWR in which NCDOT reported sand
removal or road repairs from 2011 to 2016 (X) and areas of no action (−)
Area 2011 2012 2013 2014 2015 2016

Canal Zone X X X X X X
North Pond — — — — — —
Old Sandbag Area — X — — — —
New Inlet X X X X — X
Stable Zone — — — — — —
S-Curves X X X X X X
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The panels on the right side of Fig. 9 give an overview of the com-
putation of the shoreline position and change rate, which is the
slope of the linear trend generated from the distance to the offshore
baseline (i.e., shoreline position) and time. The second panel from
left to right in Fig. 9 illustrates the variability of shoreline change
rates along the PINWR. The variability in the prediction intervals
(third panel from left to right in Fig. 9) is explained not only by the
number of shorelines available per transect, but by the variability in
the shoreline positions. The largest, smallest, and average half pre-
diction intervals are 69 m, 22 m, and 38 m, respectively. As dis-
cussed in the section “Prediction of Highway Vulnerability,”
given the magnitude of these values, it is reasonable to assume that
the prediction intervals can account for the shoreline response to
local sea level rise by the year 2030.

Road vulnerability was computed by predicting the expected
position of the shoreline every two years until 2030. Then, areas
in which the high erosion shoreline would encroach on the 70-m
buffer (230-ft critical buffer) and in which the island width will
become less than 305 m were identified. Fig. 10 shows the evolu-
tion of those predictions over time starting in 2020 until 2030.
Overall, predictions are consistently indicating five vulnerable re-
gions that tend to propagate laterally over time: (1) the Canal Zone,
(2) the southern half of the North Pond, (3) the southern half of the
Old Sandbag Area, (4) New Inlet, and (5) the S-Curves (Table 3).

As summarized in Table 3, from 2020 to 2030, the length of the
predicted vulnerable road in the Canal Zone is 2.4 km. In the
southern halves of the North Pond and the Old Sandbag Area,
the length of vulnerable road is predicted to increase by 503 m

Fig. 9. (Color) Spatial variability of shoreline change rates and prediction intervals along PINWR. (Aerial images courtesy of NCDOT.)
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and 640 m from 2020 to 2030, respectively. In New Inlet, the vul-
nerable roadway can potentially increase by 320 m. The S-Curves
have the longest stretch of roadway predicted to be vulnerable in
the next 11 years, with more than 2.4 km of potentially vulnerable
road starting in 2020 and extending to 2.7 km by 2030. Predictions
based on future shoreline positions and two vulnerability criteria
indicate that 1,692 m of roadway could potentially become

vulnerable from 2020 to 2030, resulting in nearly 9 km of vulner-
able roadway out of the 20 km analyzed.

Starting in 2020, three regions (i.e., south end of the Canal Zone
and two regions in the S-Curves) could simultaneously meet the
critical buffer and the island width criteria. Although dune crest
elevations are not forecasted, results in Fig. 7 indicate that these
regions have had low-dune elevations in previous years, making

Fig. 10. (Color) Road vulnerability projected every 2 years until 2030 based on predicted shoreline positions, and critical buffer and island width
criteria. (a) critical buffer is past 2030 predicted high-erosion shoreline; (b) island width between estuarine shoreline and high-erosion ocean shoreline
is less than 305 m; and (c) serious erosive scenario in which 2030 low-erosion ocean shoreline is west (landward) of buffer line and island width is less
than 305 m. [Aerial images (a–c) courtesy of NCDOT.]

© ASCE 04021003-12 Nat. Hazards Rev.

 Nat. Hazards Rev., 2021, 22(2): 04021003 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
or

th
 C

ar
ol

in
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

6/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



them the most vulnerable sections of the roadway in the next
10 years. These three regions account for 1.4 km of roadway.

Discussion

Having infrastructure built in dynamic environments such as barrier
islands comes with maintenance and planning challenges that re-
quire careful consideration of past, present, and future conditions of
both the island and the infrastructure. In the case of the NC 12 high-
way, data collected as part of the CMP from 2010 to 2018 are being
used to determine the vulnerability of the road to long-term erosion,
overwash, flooding, and barrier island breaching. As of 2018, the
three vulnerability indicators used in this study and the shoreline
predictions indicate that there are at least five vulnerable areas dis-
tributed along the PINWR, with the exception of the Stable Zone.
Of those regions, the Canal Zone, Old Sandbag Area, and north of
Rodanthe have been identified as erosional hotspots by previous
studies (Hapke and Henderson 2015; Overton and Fisher 2004).
In the Stable Zone on the other hand, the vulnerability of the road
is diminished by a wide island and a mature and wide foredune
region.

As proposed by Pennison et al. (2018b), coastal infrastructure
sustainability and resiliency needs reimagining fundamental system
requirements to integrate local community desires and roadway
functionality. In this line and informed by the vulnerability infor-
mation from this study and other historical records, NCDOT has
begun assessing a variety of options for the long-term retention
of the NC 12 highway south of Oregon Inlet (Fig. 11).

The bridge crossing Oregon Inlet, shown in yellow in the right
side of Fig. 11, is the new Marc Basnight Bridge that opened to
traffic in February 2019. NCDOT has also begun construction
of a new bridge that bypasses the S-Curves north of Rodanthe (yel-
low line in the left side of Fig. 11), in which barrier island breaching
has destroyed the road in previous years. This bridge is expected to
be completed by 2021. In 2017, NCDOT completed construction of
an interim bridge that extends over the inlet opened during Hurri-
cane Irene in 2011 (Pea Island Breach). Options for the sections of
highway between these bridges include (but are not limited to)
beach nourishment combined with dune construction, relocation

of the existing roadway, and additional bridging alternatives.
The timing of these future phases will be based on the vulnerability
forecasts provided by this study.

The continuous update of shoreline positions and the use of a
95% prediction interval are some of the strengths of this study. Hav-
ing new data every year and considering worst case (high erosion)
potential future shoreline positions, rather than a simple linear trend
line, is a conservative approach to indirectly account for the effects
of phenomena that may affect the vulnerability of the road. As more
data points are added to the data set, it will indirectly include the
effects of potential acceleration of sea level rise rates and future
extreme events. Quantification of specific uncertainty in shoreline
position projections due to sea level rise is beyond of the scope of
this paper, but it is acknowledged that when projections extend over
multidecadal time scales, sea level rise could account for more than
20% of the variance in shoreline change predictions (Le Cozannet
et al. 2019). Potential human induced changes (e.g., beach nourish-
ment, road realignment and relocation, and dune replenishment)
cannot be predicted; however, as changes to the road are made,
the location of the 70-m critical buffer can be changed, and vulner-
ability indicators reevaluated.

In addition to the three main vulnerability indicators, as the
CMP continues, other morphological variables are monitored and
are being considered as potential additional indicators. Such vari-
ables include dune toe position and elevation, beach width, volume
above mean high water from the edge of pavement to shoreline, and
land cover. Hopper and Meixler (2016), Wamsley et al. (2015), and
Gornitz et al. (1994) have identified some of these and other var-
iables as useful vulnerability metrics for coastal infrastructure,
however, threshold values that could lead to direct road damage
have not been defined yet and are currently under evaluation.

The three vulnerability indicators for coastal highways pre-
sented in this study can be extended to other regions and types
of infrastructure. For regions in which systematic monitoring pro-
grams are not in place, the computation of the indicators can be
completed from available multitemporal aerial images and eleva-
tion data (e.g., LiDAR, Digital Terrain Models) generated by na-
tional or state agencies. For smaller regions, a more practical option
is the use of imagery and elevation data gathered from unmanned
aerial systems, which have proven to provide accurate elevation

Table 3. Summary of total roadway length (m) predicted to be vulnerable from year 2020 until 2030

Year
Canal
zone

Southern half of
the North Pond

Southern half of the
Old Sandbag Area

New
inlet S-curves Total

2020 2,515 1,234 640 549 2,469 7,407
2022 2,469 1,326 869 640 2,560 7,864
2024 2,469 1,463 1,052 686 2,606 8,275
2026 2,469 1,554 1,143 732 2,697 8,595
2028 2,469 1,554 1,234 777 2,743 8,778
2030 2,469 1,737 1,280 869 2,743 9,098

Fig. 11. (Color) Conceptual alignments for bridges along NC12 in PINWR. (Modified from NCDOT 2017.)
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information in coastal environments via structure from motion
techniques (Gonçalves and Henriques 2015; Scarelli et al. 2017).
It should be noted, that local morphological and oceanographic
conditions and historical road damage records could lead to varia-
tions in the thresholds presented here, for example, Pennison et al.
(2018a) state that road alignments within 150 m of the ocean shore-
line have significant damage potential for the County Road 257 in
Brazoria County, Texas.

The indicators presented in this study can also be used to assess
the vulnerability of other types of infrastructure such as power
lines, houses, and buildings. However, modifications or additional
indicators may be required depending on the elevation and design
of a particular structure. Based on the three indicators, the main
factors to take into consideration are the distance of the structure
to both shorelines, and the protective elevation of natural or man-
made infrastructure (e.g., dunes, dikes, barriers) relative to the low-
est portion of the structure that could suffer damage and the likely
wave runup elevation.

Conclusions

A framework to describe the spatiotemporal vulnerability of road-
ways on barrier islands was proposed. The use of morphological
indicators and shoreline change predictions, including prediction
intervals, was proven as a relatively simple, yet reliable strategy
to identify vulnerable areas and inform transportation agencies.
A case study and a long-term monitoring program along a portion
of the NC 12 highway were detailed to provide an example of stra-
tegic planning for a coastal roadway.

The spatiotemporal variability of the vulnerability of a coastal
highway was assessed via three morphological indicators: (1) island
width <305 m, (2) dune crest elevation <3 m above the highway,
and (3) edge of pavement within 70 m of the shoreline.

Regions found to be vulnerable according to indicators 1 (island
width) and 3 (distance from shoreline to edge of pavement), and the
shoreline predictions tend to be localized and to remain vulnerable
for the period analyzed (2010–2018). Indicator 2 (dune crest eleva-
tion above highway) is the most variable in both time and space.
This behavior is a response of the continuous changes in dune
height due to the natural erosive processes driven by wave and
wind, and the anthropogenic actions that include sand piling and
dune rebuilding. Overall, the different vulnerability criteria have
been met at regions that have experienced breaching, overwash,
and dune erosion during the period analyzed in this study. This cor-
respondence proves the accuracy of the vulnerability indicators and
their applicability for large-scale monitoring and planning.

It should be noted that the indicators presented here serve as a
first-order assessment to identify potential vulnerabilities, but they
cannot guarantee damage to the system. Infrastructure may still be
damaged in areas in which indicators are not met. This could be the
case when the vulnerabilities are caused by factors not included in
this analysis, such as severe rainfall, elevated groundwater levels,
or future extreme events triggered by climate change. Moreover,
the level of uncertainty for the damage of infrastructure is not com-
puted here, thus, probabilistic approaches should be employed to
estimate such uncertainties.

Data from the CMP and vulnerability indicators continue to in-
form NCDOT about morphological changes in the barrier island
that can potentially affect the maintenance and operability of
NC 12. Accordingly, NCDOT has begun taking adaptation actions,
which include design and execution of new elevated roadway align-
ments as well as the assessment of other options for the long-term
retention of the highway. This case study exemplifies the relevance

of systematic monitoring of critical infrastructure to support deci-
sion making in highly vulnerable coastal regions.

Future work will continue to add information into the long-term
coastal monitoring program and can provide a framework for con-
tinuous evaluation of indicators and adaptation as necessary. As
2030 approaches, target years for shoreline prediction will be modi-
fied to provide at least a 10-year window for such future predic-
tions. Given the evolving nature of the CMP, potential changes
in vulnerability indicators may be required in the future as climate
change brings more extreme events to the region and as the road-
way alignment evolves. Additional efforts outside the CMP include
exploration of road vulnerability due to inlet-related processes.

Data Availability Statement
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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.  

L. Velasquez-Montoya et al.                                                                                                                                                                                                                  



Applied Geography 135 (2021) 102557

7

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.  

L. Velasquez-Montoya et al.                                                                                                                                                                                                                  



Applied Geography 135 (2021) 102557

12

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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Correlation of Sand Compaction and Quantity of Benthic 
Organisms on Pea Island, NC from 2012 to 2019

Kelly Fawcett
Dr. Elizabeth Sciaudone

Department of Civil, 
Construction, and 
Environmental Engineering

Emerita spp. Donax spp.

• Pea Island National Wildlife Refuge is located on a barrier 
island in the Outer Banks, NC

• Study area contains 64 transects on the ocean side of the 
island, approx. 0.2mi apart and spanning from the Terminal 
Groin to Mirlo Beach

• Transects surveyed 4 times a year from 2012-2019
• Surveys collect data on sand compaction, beach slope, sand 

grain size, benthic organisms, and mineral content 
• The study area is subject to frequent change due to natural 

and artificial processes

Background

• 2012: Hurricane Sandy, severe Nor’easter
• 2013: beach nourishment of 581,000 cubic yards of sand south of terminal groin
• 2014: Hurricane Arthur, beach nourishment on southern 2mi of island
• 2015: severe Nor’easters
• 2016: severe Nor’easter, Hurricane Hermine, Hurricane Matthew
• 2017: Hurricane Jose, Hurricane Maria
• 2018: Winter Storm Riley, Tropical Storm Chris, Hurricane Florence, Hurricane Michael
• 2019: Hurricane Dorian, Subtropical Storm Melissa

Timeline

• Data was initially formatted as spreadsheets separated by 
data type (benthos, slope and compaction, mineral content, 
etc)

• Separated individual surveys into their own sheets by date 
(ex 201201slope and 201201benthic)

• Standardized the units and formatting to be compatible with 
programs such as ArcMap

• Created .csv and .shp files to put into Slope and Benthic 
personal geodatabases in ArcMap

• Compared sand compaction to quantity of benthos in Excel
• Used ArcMap and Excel to visualize seasonality patterns, 

annual patterns, and changes related to natural and artificial 
occurrences (storms, beach nourishment)

Process

• Donax spp. (coquina clams) and Emerita spp. (mole crabs) are 
benthic organisms that live in the swash zone

• They have specific conditions they prefer to live in, and while 
they can quickly adapt to a changing environment, they are a 
good indication of how healthy a beach is

• The mineral content, sand compaction, beach slope, and grain 
size of can all influence these populations 

• As the environment changes due to nourishment, erosion, 
storms, and other processes, Donax and Emerita are used to 
assess the environment’s return to physical and biological 
equilibrium. 

• The quarterly surveys took population counts of worms, 
amphipods, ghost crabs, Donax, and Emerita at different 
locations in the swash zone

Benthos

• Majority of storms occurred in Fall, increasing numbers of storms in 
more recent years

• Highest counts of organisms in Summer followed by Fall
• Benthos prefer sand compaction of 50-250psi
• Lower counts of benthos 2013-2014 following beach nourishment
• Higher counts of organisms in 2016-2019 despite there being more 

severe storms

Conclusion

NCDOT, 2020. Memo Report: 2019 Data Summary: Shoreline Monitoring of 
Physical and Biological Condition of the Beach Sand on Pea Island National 

Wildlife Refuge, Dare County, NC, April 2020, 38p.

Funding for this project was provided by NC Department of Transportation 
under auspices of grant RP 2020-46
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APPENDIX E 

Habitat Restoration Action in Groin Pocket 

Map & Permit Documents 
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Refuge Name:  

Address: 

Attn: (Refuge Official)

E-Mail:

Phone #:

Note: We do not require all information for each Research project. See instructions at the end of the notice and contact the refuge 
to determine applicability of a particular item.  Attach additional sheets if the text spaces provided are inadequate. 

1a) Identify the type of Permit you are applying for:    New         Renewal   Modification    Other 

 1b) Have you applied, or do you intend to apply, to any other refuges for this same activity?      Yes      No 

 1c) If yes, which refuges?     

Applicant Information 
2) Principal investigator: 3) Is curriculum vitae or resume attached?    Yes  No 

 4a) Affiliation/Sponsoring Organization:       

 4b) Relationship to affiliation/sponsoring organization (professor, staff, student, etc.): 

5) Physical Address:

City/State/Zip:

6) Mailing Address: (if different than above)

City/State/Zip:

7) Phone #: 8) Fax #: 9) E-mail:

10) List known assistants/subcontractors/subpermittees: (Only required if the assistants/subcontractors/subpermittees will be operating on the refuge without 

the permittee being present.) 

For Official Use Only 

Approved Permit #: 

Station #: 

Permit Term: from  to 

 

 

Name Address Phone # 

Research and Monitoring  
Special Use Permit Application 

Pea Island National Wildlife Refuge

PO Box 1969 Manteo, NC 27954

Rebecca Harrison

rebecca_harrison@fws.gov

473-1132 ext.231

Paul Williams

NC Dept. of Transportation

staff

Division One, 113 Airport Dr., Suite 100

Edenton, NC 27932

252-483-1861 252-482-8722 pcwilliams2@ncdot.gov

Jimmy Spivey Barnhill Construction 252-333-5180

Tony Pearce Barnhill Construction 252-256-1902
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Project Information 
 
 11) Title of project: 
 
 12) Is a full research proposal attached?        Yes         No 
Note: Depending on the research and monitoring project for which you are requesting a permit, we may ask you for the following 
project information (13 -25) if it is not included in your research proposal, or if you have not provided a full research proposal with 
this application. Please contact the specific refuge where the activity is being conducted to determine what information is required. 

Attach additional sheets to the application if the text spaces provided are inadequate. 
13) Describe project by specifically identifying timing, frequency, and how the project is expected to proceed: 
 
 
 
 
 
 
 
 
 
 
 
 
 
14) Specifically identify location(s) and/or attach a map for the project: (GPS location(s) preferred) 
 
 
 
 

 

                                                
15) Identify species or habitats being studied: 
 
 
 

 
 

16) Purpose/hypothesis: 
 
 
 

 
 

 
17) Expected benefits of research/monitoring: 
 
 
 

 
 

 
18) Briefly describe project history and context of research/monitoring project: 
 
 
 

 
 

19) Briefly describe project’s relationship to other research/monitoring projects either known of or conducted by the applicant: 
 
 
 

 
  

 

 

 

 

 

 

 

 

Habitat restoration/sand mining behind terminal groin

Work will be conducted on the following dates in 2020: 
January 13-February 29

See attached map, area behind Terminal Groin south of Oregon Inlet

Oceanside beach habitats for nesting shorebirds/colonial waterbirds

Spatial analyses using the aerial photos flown in February 2018 (as provided by NCDOT as conditions of the 2012 Terminal Groin permit) indicated the ponds behind the groin were approximately 0.52 acres. Given the wind events and 
Winter Storm Riley in March 2018, it is anticipated this acreage has further decreased since the spring. The proposed excavation area is approximately 5.7 acres in size (see attached maps).  NCDOT will excavate the area to a configuration 
determined by the Refuge. It is estimated the maximum excavation depth will be approximately five feet deep and involve the movement of ~30,000-50,000 yd3 of sand. The current proposed habitat management action will not move mined 
sand off-site, but instead spread sand into an adjacent deposition area approximately 2.4 acres in size located southeast of the proposed excavation area (see attached maps). The Refuge will allow NCDOT and associated contractor 
equipment temporary access from the sand stockpile behind the old Coast Guard station to the excavation site.  The proposed actions will only be allowed to occur if actions can be completed by March 1 to ensure minimal disturbance to 
migratory shorebirds arriving for the breeding season. NCDOT will be responsible for obtaining all necessary federal and state permits and will cover all the costs associated with the proposed habitat management action. Refuge personnel 
will oversee field operations once they begin.  

Wintering piping plovers have been documented using habitats near the proposed management area.  Refuge personnel will survey for piping plovers before any sand movement occurs in order to 
minimize impact on roosting birds.  Regular refuge-wide bird surveys are also conducted 2-3x/month and will be used to inform any management actions.  This proposed project area has been 
historically used by multiple species of breeding shorebirds and colonial nesting waterbirds including American oystercatchers, black skimmers, least terns, and piping plovers.  In 2018, we observed 
no nesting least terns or black skimmers likely due to increased vegetation and reduced habitat quality.  In 2018, one pair of piping plovers and one pair of oystercatchers nested near the ponds, but 
these attempts did not result in fledging success.  In 2019, there were no observed breeding piping plovers. It is anticipated by the proposed actions of moving sand to create moist sand and 
intertidal pool habitats with unvegetated shoreline with coarse shell substrate that habitat quality for these nesting shorebirds and waterbirds will be greatly improved.

In August 2012, a new Easement (permit) for the terminal groin monitoring was signed. The 2012 permit required several monitoring and management conditions, including moving sand to create suitable habitat conditions for migratory birds or other federal trust 
species within 0.5 miles of the terminal groin. The results of the terminal groin monitoring required as a condition of the 2012 permit are included in the annual coastal monitoring report. The permit stipulated that a single habitat management action would usually occur 
in one fall/winter period outside the migratory bird and sea turtle nesting season and involve moving up to 200,000 - 300,000 yd3 of sand from within an area of approximately 25-30 acres in the vicinity of the terminal groin as determined by the Refuge Manager.  
Several trigger points for habitat management actions included any of the following conditions: 1) when low energy open water intertidal pool(s) with unvegetated moist sand in and along the shoreline is (are) less than one-acre in size on February 1 of each year and is 
not likely to persist through the upcoming beach nesting bird season, 2) when low energy open water intertidal pool(s) have emergent marsh vegetation which prevents access to foraging by piping plover, American oystercatcher, and other shorebird species, and 3) 
when contiguous, dry coarse sand and shell substrate that is within 0.5 mile of the low energy open water intertidal pool(s) with unvegetated moist substrate in and along the shoreline is reduced to less than 25 acres by dune formation and plant succession.

When the Terminal Groin permit was updated in 2012, it was anticipated that habitat management would be necessary at approximately 5-year intervals plus or minus 2-years, depending upon storm frequency and 
intensity, and habitat monitoring results. This action of moving sand to create moist sand and intertidal pool habitat with unvegetated shoreline has occurred several times in the past 10 years in winter 2008/09, 2011, 
and most recently in 2014. In 2011 and 2014, NCDOT requested mining the sand and using it elsewhere on the Refuge for emergency maintenance activities within the NC 12 easement associated with the Bonner 
Bridge and New Inlet Bridge construction projects.  In both cases, this action was allowed with conditions associated with a special use permit and informal Section 7 consultation.  
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20) Identify the types of specimen collections to be taken (see specimen collection clause in the instruction section #20) or data to be 
collected    during the proposed project: 

 
 
 

 
 

21) List other cooperators and institutions involved in the project: 
 
 
 

 
 

22) Generally identify the anticipated timeline for analysis, write-up and publication: 
 
 
 

 
 

23) For research involving animals, attach an Assurance of Animal Care Form or an approval from an Institutional Animal Care and Use 
Committee? Is a form or approval attached?         Yes         No         N/A                                                  

 

License/Insurance/Certifications/Permits 

Note: Contact the specific refuge office where the research project is going to be conducted to determine if any type of license, 
insurance, certification(s), or permit(s) will be required. We may process this Special Use Permit while the applicant obtains them. 

Attach additional sheets to the application if the text spaces provided are inadequate. 
 
24a) List and attach copies of any licenses you have for equipment operation (i.e., aviation or commercial boats), pesticide applications, 

transporters) or others if required:         
 
 
 
 
 
 
 

24b) List and attach copies of any insurance you have (i.e general liability, flight/grounding, contaminants, medical evacuation, or others if required: 
  
 
 
 
 
 
 
24c) List and attach copies of any certifications you have, such as rat free, hull inspections, CPR/First Aid, or others if required:                                      
 
 
 
 
 
 
 
 
24d) List and attach copies of any other Federal, State, or Tribal permits if required:                                            
 
 
 
 
 
 

 

 

 

License Type Number Expiration Date  (if applicable) 
   
   
   
   

 

Certificate Type Expiration Date (if applicable) 
  
  
  
  

 

Permit Type Permit Number Expiration Date  (if applicable) 
   
   
   
   

 

Insurance Type Carrier Expiration Date  (if applicable) 
   
   
   
   

 

Barnhill Construction was awarded the work contract

CAMA Minor Modification 106-12 NA

USACE Nationwide Permit 27 SAW-2020-00029 3/28/2022

USACE 401
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Logistics and Transportation Attach additional sheets if the text spaces provided are inadequate. 
 
 25a) Does project require personnel to stay overnight on the refuge?       Yes         No      
 
 25b) If yes, how many?        And list known personnel involved in overnight stay below: 

   
 
 

 
 
 
 
 26) Specifically describe all major instrumentation/equipment/gear (i.e. use of drones) and materials used, if applicable or required: 

 
 

 
 
 
27a) Provide details and schedule for the installation of instrumentation: 

 

 

 

27b) Provide details and schedule for the removal of instrumentation: 

 

 

27c) If instrumentation is permanent, describe need: 

30d) Specifically describe onsite transportation: 

 

27d) If instrumentation requires a maintenance schedule, describe needs and schedule: 

30d) Specifically describe onsite transportation: 

 

27e) Provide a data collection schedule: 

30d) Specifically describe onsite transportation: 

 

 

28) Provide logistical arrangements for offsite transportation of samples: 

30d) Specifically describe onsite transportation: 

 

29a) Provide detailed information on the logistics for onsite, intersite, and/or ship-to-shore transportation to or on the refuge, if required:  

 

 

 

 

List Names List Names List Names List Names 
    
    
    
    
 

 

 

 

 

 

 

 

 

 

Excavator, Off-road trucks, Dozer, Pan

Work is estimated to take 2-3 weeks weather-permitting and will be completed by February 29, 2020.

Work will be completed by February 29, 2020.

NA

NA

Work will be completed by February 29, 2020.

Deposition of all materials will remain on-site in designated areas.

All on-site activities will be coordinated with Refuge staff.  Access will occur via the Old Lifesaving 
Road (see attached map).
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NOTICES 
 
No Members of Congress or Resident Commissioner shall participate in any part of this contract or to any benefit that may arise from it, but this 
provision shall not pertain to this contract if made with a corporation for its general benefit. 
 
The Permittee agrees to be bound by the equal opportunity “nondiscrimination in employment” clause of Executive Order 11246. 
 
 

PRIVACY ACT STATEMENT 
 
Authority:  The information requested is authorized by the National Wildlife Refuge System Administration Act (16 U.S.C. 668dd-ee) and the 
Refuge Recreation Act (16 U.S.C. 460k-460k-4). 
 
Purpose:   To collect the applicant’s information to process permits allowing for: research and monitoring activities by students, universities, or 
other non-FWS organizations. 
 
Routine Uses:  The information will be used by the refuge’s administrative office for processing Research and Monitoring Special Use permits.  
More information about the routine uses maybe found in the Systems of Records Notice, FWS-5 National Wildlife Refuge Special Use Permits. 
 
Disclosure:  Providing the information is voluntary.  However, submission of information is required to process and approve research and 
monitoring activity usage on the National Wildlife Refuge System.   
 
 

PAPERWORK REDUCTION ACT STATEMENT 
 
We are collecting this information subject to the Paperwork Reduction Act (44 U.S.C. 3501) to evaluate the qualifications, determine eligibility, 
and document permit applicants and to respond to requests made under the Freedom of Information Act and the Privacy Act of 1974.  The 
information that you provide is required to obtain or retain a benefit; however, failure to provide all required information is sufficient cause for the 
U.S. Fish and Wildlife Service to deny a permit.  False, fictitious, or fraudulent statements or representations made in the application may be 
grounds for revocation of the Special Use Permit and may be punishable by fine or imprisonment (18 U.S.C. 1001).  According to the 
Paperwork Reduction Act of 1995, an agency may not conduct or sponsor and a person is not required to respond to a collection of 
information unless it displays a currently valid OMB control number.  OMB has approved this information collection and assigned control 
number 1018-0102. 
 
 

ESTIMATED BURDEN STATEMENT 
 
The public reporting burden for this information collection varies based on the requested specific refuge use. We estimate the relevant public 
reporting burden for the Research and Monitoring Activity Special Use Permit Application form is to average 5 hours per response, including the 
time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the 
collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing this burden, to the Service Information Collection Clearance Officer, Division of Policy, Performance, and 
Management Programs, Fish and Wildlife Service, Mail Stop BPHC, 5275 Leesburg Pike, Falls Church, VA 22041-3803.  Please do not send 
your completed form to this address.  
 
 

GENERAL CONDITIONS AND REQUIREMENTS 
 
1) Responsibility of Permittee: We shall consider the permittee, by operating on the premises, to have accepted these premises with all 
facilities, fixtures, or improvements in their existing condition as of the date of this permit. At the end of the period specified or upon earlier 
termination, the permittee shall give up the premises in as good order and condition as when received except for reasonable wear, tear, or 
damage occurring without fault or negligence. The permittee will fully repay the Service for any and all damage directly or indirectly resulting 
from negligence or failure on his/her part, and/or the part of anyone of his/her associates, to use reasonable care. 
2) Operating Rules and Laws: The permittee shall keep the premises in a neat and orderly condition at all times, and shall comply with all 
municipal, county, and State laws applicable to the operations under the permit as well as all Federal laws, rules, and regulations governing 
national wildlife refuges and the area described in this permit. The permittee shall comply with all instructions applicable to this permit issued 
by the refuge official in charge. The permittee shall take all reasonable precautions to prevent the escape of fires and to suppress fires and 
shall render all reasonable assistance in the suppression of refuge fires. 
 
3) Use Limitations: The permittee’s use of the described premises is limited to the purposes herein specified and does not, unless provided for 
in this permit, allow him/her to restrict other authorized entry onto his/her area; and allows the U.S. Fish and Wildlife Service to carry on 
whatever activities are necessary for: (1) protection and maintenance of the premises and adjacent lands administered by the U.S. Fish and 
Wildlife Service; and (2) the management of wildlife and fish using the premises and other U.S. Fish and Wildlife Service lands. 
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4) Transfer of Privileges: This permit is not transferable, and no privileges herein mentioned may be sublet or made available to any person or 
interest not mentioned in this permit. No interest hereunder may accrue through lien or be transferred to a third party without the approval of the 
Regional Director of the U.S. Fish and Wildlife Service and the permit shall not be used for speculative purposes. 
 
5) Compliance: The U.S. Fish and Wildlife Service’s failure to require strict compliance with any of this permit’s terms, conditions, and 
requirements shall not constitute a waiver or be considered as a giving up of the U.S. Fish and Wildlife Service’s right to thereafter enforce any 
of the permit’s terms or conditions. 
 
6) Conditions of Permit not Fulfilled: If the permittee fails to fulfill any of the conditions and requirements set forth herein, the U.S. Fish and Wildlife 
Service shall retain all money paid under this permit to be used to satisfy as much of the permittee’s obligation as possible. 
 
7) Payments: All payment shall be made on or before the due date to the local representative of the U.S. Fish and Wildlife Service by a postal 
money order or check made payable to the U.S. Fish and Wildlife Service. 
 
8) Termination Policy: At the termination of this permit the permittee shall immediately give up possession to the U.S. Fish and Wildlife Service 
representative, reserving, however, the rights specified in paragraph 11 below. If he/she fails to do so, he/she will pay the U.S. Fish and 
Wildlife Service, as liquidated damages, an amount double the rate specified in this permit for the entire time possession is withheld. Upon 
yielding possession, we will still allow the permittee to reenter as needed to remove his/her property as stated in paragraph 11 below. The 
acceptance of any fee for the liquidated damages or any other act of administration relating to the continued tenancy is not to be considered as 
an affirmation of the permittee’s action nor shall it operate as a waiver of the U.S. Fish and Wildlife Service’s right to terminate or cancel the 
permit for the breach of any specified condition or requirement.
 
9) Revocation Policy: The Regional Director of the U.S. Fish and Wildlife Service may revoke this permit without notice for noncompliance with 
the terms hereof, or for violation of general and/or specific laws or regulations governing national wildlife refuges, or for nonuse. It is at all times 
subject to discretionary revocation by the Director of the Service. Upon such revocation the U.S. Fish and Wildlife Service, by and through any 
authorized representative, may take possession of said premises for its own and sole use, and/or may enter and possess the premises as the 
agent of the permittee and for his/her account. 
 
10) Damages: The U.S. Fish and Wildlife Service shall not be responsible for: any loss or damage to property including but not limited to crops, 
animals, and machinery; injury to the permittee or his/her relatives or to the officers, agents, employees, or any other(s) who are instructed to 
be on the premises; the sufferance from wildlife or employees or representatives of the U.S. Fish and Wildlife Service carrying out their official 
responsibilities. The permittee agrees to hold the U.S. Fish and Wildlife Service harmless from any and all claims for damages or losses that 
may arise to be incident to the flooding of the premises resulting from any associated Government river and harbor, flood control, reclamation, 
or Tennessee Valley Authority activity. 
 
11) Removal of Permittee’s Property: Upon the expiration or termination of this permit, if all rental charges and/or damage claims due to the U.S. 
Fish and Wildlife Service have been paid, the permittee may, within a reasonable period as stated in the permit or as determined by the U.S. Fish 
and Wildlife Service official in charge, but not to exceed 60 days, remove all structures, machinery, and/or equipment, etc., from the premises 
for which he/she is responsible. Within this period the permittee also must remove any other of his/her property including his/her acknowledged 
share of products or crops grown, cut, harvested, stored, or stacked on the premises. Upon failure to remove any of the above items within the 
aforesaid period, they shall become the property of the U.S. Fish and Wildlife Service. .  
 
 

INSTRUTIONS FOR COMPLETING APPLICATION 
 
You may complete the application portion verbally, in person, or electronically and submit to the refuge for review. Note: Please read instructions 
carefully as not all information is required for each activity. Contact the specific refuge where the activity will take place if you have questions 
regarding the applicability of a particular item. We may add special conditions or permit stipulations to permit prior to approval. 
 
1a-1c) Identify if permit application is for new, renewal, or modification of an existing permit, whether or not you have or will be applying to 
another refuge for the same activity, and for which refuge(s). Permit renewals may not need all information requested. Contact the specific 
refuge headquarters office where the activity is going to be conducted to determine applicability of this requirement. 
 
2-3) Provide principal investigator or applicant full name. Attach principal investigator’s Curriculum Vitae or Resume, if required. Permit 
renewals generally do not require a Curriculum Vitae or Resume if the project is a continuation of a previously issued permit being 
conducted by the same investigator. Contact the specific refuge office to determine applicability of this requirement. 
 
4-9) Provide investigator’s physical and/or mailing address, phone, fax, e-mail, affiliation and/or sponsoring organization, and 
relationship to affiliation or organization (title, professor, student, etc.). 
 
10) Provide the names and addresses of assistants, subcontractors, or subpermittees. We may require names and addresses if the assistants, 
subcontractors or subpermittees will be operating on the refuge without the permittee being present. Volunteers, assistants, subcontractors, or 
subpermittees accompanied by the permittee need not be identified. 
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11) Provide title of research or monitoring project. 
 
12a-12b) Attach a full research or monitoring proposal, if required. Permit renewals generally do not require a project proposal if the project is a 
continuation of a previously issued permit being conducted by the same investigator. Contact the specific refuge office to determine applicability 
of this requirement. 
 
13) Provide detailed information on the activity, including timing, frequency, how the project is expected to proceed, etc. Permit renewals may not 
need activity description, if the activity is unchanged from previous permit. Most repetitive research projects do not require an activity description 
for each visit to the refuge. Contact the specific refuge office to determine applicability of this requirement. 
 
14) Identify specific location (GPS coordinates preferred) if not a named facility, and/or attach a map of the location. Permit renewals may not require 
a location if the project is essentially unchanged from the previous permit. Contact the specific refuge office to determine applicability of this 
requirement. 
 
15) Identify species or habitats being studied. 
 
16-17) Specifically identify purpose or hypothesis of the research or monitoring project and describe expected benefits. Permit renewals may 
not need to identify purpose or hypothesis if the project is a continuation of a previously issued permit being conducted by the same 
investigator. Contact the specific refuge office to determine applicability of this requirement. 
 
18) Briefly describe project history and context. Permit renewals should describe previous research activities as part of a previously issued 
permit being conducted by the same investigator. Contact the specific refuge office to determine applicability of this requirement. 
 
19) Briefly describe project’s relationship to other research/monitoring projects either known of or conducted by the applicant, if applicable. 
Include a brief statement of how the research or monitoring permit being applied for will add to or supplement other ongoing research or 
monitoring on the same, or related, species or habitats. Contact the specific refuge office to determine applicability of this requirement. 
 
20) Identify specimen collections to be taken or types of data to be collected. You may use specimens collected under this permit, any 
components of any specimens (including natural organisms, enzymes, genetic materials or seeds), and research results derived from collected 
specimens for scientific or educational purposes only, and not for commercial purposes unless you have entered into a Cooperative Research and 
Development Agreement (CRADA) with us.  We prohibit the sale of collected research specimens or transfers to third parties for commercial 
purposes.  Breach of any of the terms of this permit will be grounds for revocation of this permit and denial of future permits.  Furthermore, if you 
sell or otherwise transfer for commercial purposes collected specimens, any components thereof, or any products or research results developed 
from such specimens or their components without a CRADA, you will pay us a royalty rate of 20 percent of gross revenue from such sales.  In 
addition to such royalty, we may seek other damages and injunctive relief against you. Permit renewals may not need to identify samples taken if 
the project is a continuation of a previously issued permit being conducted by the same investigator. Contact the specific refuge office to 
determine applicability of this requirement. 
 
21) List other cooperators and institutions involved in the project, if applicable. Contact the specific refuge office to determine applicability of this 
requirement. 
 
22) Generally, identify the anticipated time line for analysis, write-up, and publication of project results. Include whether the project is a single, or 
multiple year project. Identification of an actual publication where the results are printed is not necessary. However, applicants should include 
the anticipated dissemination of project results. Contact the specific refuge office to determine applicability of this requirement. 
 
23) Check box acknowledging a completed Assurance of Animal Care Form or an Institutional Animal Care and Use Committee (or 
equivalent) that has granted approval has been completed, and has been submitted to refuge station, if required. Contact the specific refuge office 
to determine applicability of this requirement. 
 
24a-24d) Specifically identify types and numbers of licenses, insurance, certifications, and other State, Federal, or Tribal permits if required. 
Contact the specific refuge headquarters office where the project is going to be conducted to determine applicability of these requirements, 
and to coordinate the simultaneous applications of any of these requirements while this Special Use Permit is being processed. 
 
25a-25b) Provide the number of and/or name(s) of any personnel required to stay overnight on the refuge, if applicable. 
 
26) Identify all equipment (including drones) and materials that will be used, if required. Permit renewals may not require a list of equipment if 
the project is essentially unchanged from a previously issued permit. Contact the specific refuge office to determine applicability of this 
requirement. 
 
27a-27e) Identify types and schedule(s) of installation of any instrumentation, data collection, and maintenance schedule of instrumentation, if 
required. Permit renewals may not require a list of equipment if the project is essentially unchanged from a previously issued permit. However, 
schedules of installation of any instrumentation, data collection, and maintenance schedule of instrumentation may still be required. Contact the 
specific refuge headquarters office where the project is going to be conducted to determine applicability of this requirement. 
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28) Identify logistical arrangements for offsite transportation of samples taken, if applicable. 
 
29a-29d) Describe and provide vehicle descriptions and license plate or identification numbers of all vehicles, including boats and airplanes, if 
required. Motor vehicle descriptions are only required for permittee vehicle, and/or if the vehicle will be operated on the refuge without the 
permittee being present. Motor vehicles that are accompanied by the permittee as part of a group (convoy) activity need not be identified if 
cleared in advance by refuge supervisor. Specifically describe ship-to-shore, intersite (between islands, camps, or other sites) and onsite 
transportation mechanisms, and license plate or identification numbers, if required. 
 
30a-30b) Identify specific location(s) of fuel cache(s) (GPS coordinates preferred), if required. 
 
31a-31b) Attach safety plan, if required. Contact the specific refuge office to determine applicability of this requirement. 
 
32) Specifically describe onsite work and/or living accommodations, if required. Include descriptions and locations (GPS coordinates preferred) 
of spike camps or other remote work and/or living accommodations that are not part of the base of operations. Contact the specific refuge 
office to determine applicability of this requirement. 
 
33) Specifically describe onsite and offsite hazardous material storage, or other onsite material storage space (including on and offsite fuel 
caches), if required. Contact the specific refuge office to determine if descriptions of hazardous material storage or other onsite material 
storage are required. 
 
34) Sign, date, and print the application. Click on the Print button to print the application (if using the fillable version). The refuge official will 
review and, if approved, fill out the remaining information, sign, and return a copy to you for signature and acceptance.  
 
 

THIS APPLICATION FORM IS NOT VALID AS A PERMIT 
BUT MAY BE USED AS A REFERENCE DOCUMENT ATTACHED TO THE OFFICIAL PERMIT. 

ONLY OFFICIAL REFUGE PERSONNEL MAY ASSIGN A VALID PERMIT NUMBER AND PERMIT TERM 
TO THIS APPLICATION FORM AFTER THE PERMIT HAS BEEN APPROVED. 























Proposed Excavation Area

- approximately 5 acres 
- maximum excavation depth 5 '
- proposed 30 to 50,000 cubic yds.
- configuration directed by USFWS

USACOE Jurisdictional Area

Proposed Temporary Access 

Stock Pile Area

35.7702
-75.5237

35.7718
-75.5249

35.7712
-75.5258

35.7697
-75.5247



USFWS 1
35.770048°
-75.524859°

USFWS 2
35.770614°
-75.525306°
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-75.525565°
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35.770805°
-75.525766°

USFWS 5
35.770617°
-75.525803°

USFWS 6
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-75.525924°USFWS 8
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USFWS 9
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-75.526005°

USFWS 10
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-75.526152°

USFWS 11
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-75.526295°

USFWS 12
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-75.526389°

USFWS 13
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-75.526264°

USFWS 14
35.770707°
-75.526099°

USFWS 15
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-75.525762°

USFWS 17
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-75.525562°

USFWS 18
35.771437°
-75.525241°

USFWS 19
35.771000°
-75.524700°

USFWS 20
35.770796°
-75.523992°

USFWS 21
35.770582°
-75.523869°

NCDOT Photogrammetry Unit , NCDOT GIS Unit, North Carolina Center for Geographic Information and Analysis

Terminal Groin Mining 2019 - USACE Jurisdiction
Pea Island National Wildlife Refuge
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U.S. ARMY CORPS OF ENGINEERS 
WILMINGTON DISTRICT 

 
Action Id.  SAW-2020-00029   County:  Dare County     U.S.G.S. Quad: Oregon Inlet 

 
GENERAL PERMIT (REGIONAL AND NATIONWIDE) VERIFICATION 

 
Permittee:  Paul Williams 
 NCDOT Division 1 
Address:  113 Airport Drive 
                               Edenton NC, 27932 
Telephone Number: (252) 482-1861 
 
Size (acres)       Nearest Town Nags Head  
Nearest Waterway  Atlantic Ocean River Basin Albemarle-Chowan 
USGS HUC  03010205 Coordinates Latitude: 35.770669 
     Longitude: -75.524791 

Location description:  The project area is due south of the Oregon Inlet terminal groin adjacent to the Atlantic Ocean. 
 
Description of projects area and activity:   The project involves the construction of five pools that are 80’ wide ranging from 300’ 
to 375’ long by 5’ deep with 40’ separations. The spoil will be stockpiled in a designated upland area. Approximately 24,697 
cubic yards of sand will be excavated during construction. The project will provide habitat for migratory birds and other 
species that frequent the Pea Island National Wildlife Refuge.   
 
Applicable Law:   Section 404 (Clean Water Act, 33 USC 1344) 
  Section 10 (Rivers and Harbors Act, 33 USC 403) 
 
Authorization: Regional General Permit Number and/or Nationwide Permit Number: 27  
                       SEE ATTACHED RGP or NWP GENERAL, REGIONAL AND/OR SPECIAL CONDITIONS 
 
Your work is authorized by the above referenced permit provided it is accomplished in strict accordance with the attached 
conditions and your submitted application and attached information dated December 17, 2019. Any violation of the attached 
conditions or deviation from your submitted plans may subject the permittee to a stop work order, a restoration order, a Class 
I administrative penalty, and/or appropriate legal action.   
 
This verification will remain valid until the expiration date identified below unless the nationwide and/or regional general permit 
authorization is modified, suspended or revoked.  If, prior to the expiration date identified below, the nationwide and/or regional 
general permit authorization is reissued and/or modified, this verification will remain valid until the expiration date identified below, 
provided it complies with all requirements of the modified nationwide permit.  If the nationwide and/or regional general permit 
authorization expires or is suspended, revoked, or is modified, such that the activity would no longer comply with the terms and 
conditions of the nationwide permit, activities which have commenced (i.e., are under construction) or are under contract to 
commence in reliance upon the nationwide and/or regional general permit, will remain authorized provided the activity is completed 
within twelve months of the date of the nationwide and/or regional general permit’s expiration, modification or revocation, unless 
discretionary authority has been exercised on a case-by-case basis to modify, suspend or revoke the authorization.   
 
Activities subject to Section 404 (as indicated above) may also require an individual Section 401 Water Quality Certification.  You 
should contact the NC Division of Water Resources (telephone 919-807-6300) to determine Section 401 requirements.      
      
For activities occurring within the twenty coastal counties subject to regulation under the Coastal Area Management Act (CAMA), 
prior to beginning work you must contact the N.C. Division of Coastal Management  in Elizabeth City, NC, at (252) 264-3901. 
      
This Department of the Army verification does not relieve the permittee of the responsibility to obtain any other required Federal, 
State or local approvals/permits. 
      
If there are any questions regarding this verification, any of the conditions of the Permit, or the Corps of Engineers regulatory 
program, please contact Kyle Barnes at (910) 251-4584 or Kyle.W.Barnes@usace.army.mil. 
 
Corps Regulatory Official: ___________________________ Date:  January 8, 2020 
Expiration Date of Verification:  March 18, 2022 
 
 
 



 

 

A. Determination of Jurisdiction: 
 

1.    There are waters, including wetlands,   on the above described project area that may be subject to Section 404 of the Clean Water Act 
(CWA) (33 USC § 1344) and/or Section 10 of the Rivers and Harbors Act (RHA) (33 USC § 403). This preliminary determination is not an 
appealable action under the Regulatory Program Administrative Appeal Process (Reference 33 CFR Part 331).  However, you may request an 
approved JD, which is an appealable action, by contacting the Corps district for further instruction.  Please note, if work is authorized by either 
a general or nationwide permit, and you wish to request an appeal of an approved JD, the appeal must be received by the Corps and the appeal 
process concluded prior to the commencement of any work in waters of the United States and prior to any work that could alter the hydrology 
of waters of the United States. 

 
2.    There are Navigable Waters of the United States within the above described project area subject to the permit requirements of  Section 10 of the Rivers and 

Harbors Act (RHA) (33 USC § 403) and Section 404 of the Clean Water Act (CWA) (33 USC § 1344).  Unless there is a change in the law or our published 
regulations, this determination may be relied upon for a period not to exceed five years from the date of this notification. 

 
3.    There are waters, including wetlands,   within the above described project area that are subject to the permit requirements of Section 404 of the Clean Water 

Act (CWA) (33 USC § 1344).  Unless there is a change in the law or our published regulations, this determination may be relied upon for a period not to exceed 
five years from the date of this notification. 

 
4.    A jurisdiction determination was not completed with this request.  Therefore, this is not an appealable action.  However, you may request an approved JD, 

which is an appealable action, by contacting the Corps for further instruction. 
 
5.    The aquatic resources within the above described project area have been identified under a previous action.  Please reference the approved  

jurisdictional determination issued      .  Action ID: SAW-     . 
 
B. Basis For Jurisdictional Determination:  The waters and wetlands within the project area flow directly to the 

Atlantic Ocean, a TNW. 
    
C. Remarks:  
 
D. Attention USDA Program Participants 
 
This delineation/determination has been conducted to identify the limits of Corps’ Clean Water Act jurisdiction for the particular site identified in 
this request.  The delineation/determination may not be valid for the wetland conservation provisions of the Food Security Act of 1985.  If you or 
your tenant are USDA Program participants, or anticipate participation in USDA programs, you should request a certified wetland determination 
from the local office of the Natural Resources Conservation Service, prior to starting work.    
 
E. Appeals Information for Approved Jurisdiction Determinations (as indicated in A2 and A3 above). 
  
If you object to this determination, you may request an administrative appeal under Corps regulations at 33 CFR Part 331.  Enclosed you will find a 
Notification of Appeal Process (NAP) fact sheet and Request for Appeal (RFA) form.  If you request to appeal this determination you must submit a 
completed RFA form to the following address: 
  
 US Army Corps of Engineers 
 South Atlantic Division 
 Attn:  Philip Shannin, Appeal Review Officer 
 60 Forsyth Street SW, Room 10M15 
 Atlanta, Georgia  30303-8801 
              Phone: (404) 562-5137 
 
In order for an RFA to be accepted by the Corps, the Corps must determine that it is complete, that it meets the criteria for appeal under 33 CFR part 
331.5, and that it has been received by the Division Office within 60 days of the date of the NAP.  Should you decide to submit an RFA form, it must 
be received at the above address by N/A. 
It is not necessary to submit an RFA form to the Division Office if you do not object to the determination in this 
correspondence. 
 
Corps Regulatory Official:  ______________________________________________________ 
    Kyle Barnes 
 
Date of JD:  January 8, 2020   Expiration Date of JD: N/A  
 
The Wilmington District is committed to providing the highest level of support to the public.  To help us ensure we 
continue to do so, please complete our Customer Satisfaction Survey, located online at 
http://corpsmapu.usace.army.mil/cm_apex/f?p=136:4:0. 
 

http://corpsmapu.usace.army.mil/cm_apex/f?p=136:4:0


 

 

         
 
SAW-2020-00029 

 
Action ID Number: SAW-2020-00029   County: Dare County  
                                 
Permittee:   Paul Williams 

NCDOT Division 1 
  

Project Name: NCDOT Oregon Inlet Terminal Groin Mining 
 
Date Verification Issued:  January 8, 2020 
 
Project Manager: Kyle Barnes 
 
Upon completion of the activity authorized by this permit and any mitigation required by the permit, 
sign this certification and return it to the following address: 
 

US ARMY CORPS OF ENGINEERS 
WILMINGTON DISTRICT 

Attn: Kyle Barnes  
 

 
Please note that your permitted activity is subject to a compliance inspection by a U. S. Army Corps of 
Engineers representative.  Failure to comply with any terms or conditions of this authorization may 
result in the Corps suspending, modifying or revoking the authorization and/or issuing a Class I 
administrative penalty, or initiating other appropriate legal action. 
 
I hereby certify that the work authorized by the above referenced permit has been completed in 
accordance with the terms and condition of the said permit, and required mitigation was completed in 
accordance with the permit conditions. 
 
 
 
 
 
 
 
 
 _______________________________________  ______________________ 
 Signature of Permittee      Date 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

NOTIFICATION OF ADMINISTRATIVE APPEAL OPTIONS AND PROCESS AND  
REQUEST FOR APPEAL 

 
Applicant:  Paul Williams NCDOT Division 1 
 

File Number: SAW-2020-00029 Date: January 8, 2020 

Attached is:  See Section below 
 INITIAL PROFFERED PERMIT (Standard Permit or Letter of permission)                       A 
 PROFFERED PERMIT (Standard Permit or Letter of permission)                       B 
 PERMIT DENIAL                       C 
 APPROVED JURISDICTIONAL DETERMINATION                       D 
 PRELIMINARY JURISDICTIONAL DETERMINATION                       E 

SECTION I - The following identifies your rights and options regarding an administrative appeal of the above decision.  
Additional information may be found at http://www.usace.army.mil/Missions/CivilWorks/RegulatoryProgramandPermits.aspx or 
Corps regulations at 33 CFR Part 331. 
A:  INITIAL PROFFERED PERMIT:  You may accept or object to the permit. 

 
• ACCEPT:  If you received a Standard Permit, you may sign the permit document and return it to the district engineer for final 

authorization.  If you received a Letter of Permission (LOP), you may accept the LOP and your work is authorized.  Your signature 
on the Standard Permit or acceptance of the LOP means that you accept the permit in its entirety, and waive all rights to appeal the 
permit, including its terms and conditions, and approved jurisdictional determinations associated with the permit. 

 
• OBJECT:  If you object to the permit (Standard or LOP) because of certain terms and conditions therein, you may request that the 

permit be modified accordingly. You must complete Section II of this form and return the form to the district engineer.  Your 
objections must be received by the district engineer within 60 days of the date of this notice, or you will forfeit your right to appeal 
the permit in the future.  Upon receipt of your letter, the district engineer will evaluate your objections and may: (a) modify the 
permit to address all of your concerns, (b) modify the permit to address some of your objections, or (c) not modify the permit 
having determined that the permit should be issued as previously written.  After evaluating your objections, the district engineer 
will send you a proffered permit for your reconsideration, as indicated in Section B below.  

B:  PROFFERED PERMIT: You may accept or appeal the permit 
 
• ACCEPT:  If you received a Standard Permit, you may sign the permit document and return it to the district engineer for final 

authorization.  If you received a Letter of Permission (LOP), you may accept the LOP and your work is authorized.  Your signature 
on the Standard Permit or acceptance of the LOP means that you accept the permit in its entirety, and waive all rights to appeal the 
permit, including its terms and conditions, and approved jurisdictional determinations associated with the permit. 

 
• APPEAL:  If you choose to decline the proffered permit (Standard or LOP) because of certain terms and conditions therein, you 

may appeal the declined permit under the Corps of Engineers Administrative Appeal Process by completing Section II of this form 
and sending the form to the division engineer.  This form must be received by the division engineer within 60 days of the date of 
this notice.  

C:  PERMIT DENIAL:   You may appeal the denial of a permit under the Corps of Engineers Administrative 
Appeal Process by completing Section II of this form and sending the form to the division engineer.  This form 
must be received by the division engineer within 60 days of the date of this notice. 
 
D:  APPROVED JURISDICTIONAL DETERMINATION:  You may accept or appeal the approved JD or 
provide new information. 
 
• ACCEPT:  You do not need to notify the Corps to accept an approved JD.  Failure to notify the Corps within 60 days of the date of 

this notice means that you accept the approved JD in its entirety, and waive all rights to appeal the approved JD. 
 

• APPEAL:  If you disagree with the approved JD, you may appeal the approved JD under the Corps of Engineers Administrative 
Appeal Process by completing Section II of this form and sending the form to the division engineer.  This form must be received by 
the division engineer within 60 days of the date of this notice.  

http://www.usace.army.mil/Missions/CivilWorks/RegulatoryProgramandPermits.aspx


 

 

E:  PRELIMINARY JURISDICTIONAL DETERMINATION:  You do not need to respond to the Corps 
regarding the preliminary JD.  The Preliminary JD is not appealable.  If you wish, you may request an approved 
JD (which may be appealed), by contacting the Corps district for further instruction.  Also you may provide new 
information for further consideration by the Corps to reevaluate the JD. 
 
 
SECTION II - REQUEST FOR APPEAL or OBJECTIONS TO AN INITIAL PROFFERED PERMIT 
REASONS FOR APPEAL OR OBJECTIONS:  (Describe your reasons for appealing the decision or your 
objections to an initial proffered permit in clear concise statements.  You may attach additional information to 
this form to clarify where your reasons or objections are addressed in the administrative record.) 
 
 
 
 
 
 
ADDITIONAL INFORMATION: The appeal is limited to a review of the administrative record, the Corps 
memorandum for the record of the appeal conference or meeting, and any supplemental information that the 
review officer has determined is needed to clarify the administrative record.  Neither the appellant nor the Corps 
may add new information or analyses to the record.  However, you may provide additional information to clarify 
the location of information that is already in the administrative record. 
POINT OF CONTACT FOR QUESTIONS OR INFORMATION: 
If you have questions regarding this decision and/or the 
appeal process you may contact: 
District Engineer, Wilmington Regulatory Division, 
Attn: Kyle Barnes 
2407 West 5th Street 
Washington, North Carolina 27889 

If you only have questions regarding the appeal process you may 
also contact: 
Mr. Philip Shannin, Administrative Appeal Review Officer 
CESAD-PDO 
U.S. Army Corps of Engineers, South Atlantic Division 
60 Forsyth Street, Room 10M15 
Atlanta, Georgia  30303-8801 
Phone: (404) 562-5137 

RIGHT OF ENTRY:  Your signature below grants the right of entry to Corps of Engineers personnel, and any government 
consultants, to conduct investigations of the project site during the course of the appeal process.  You will be provided a 15 day 
notice of any site investigation, and will have the opportunity to participate in all site investigations. 
 
________________________________________ 
Signature of appellant or agent. 

Date: Telephone number: 

 
For appeals on Initial Proffered Permits send this form to: 
 
District Engineer, Wilmington Regulatory Division, Attn: Kyle Barnes, 2407 West 5th Street Washington, North Carolina 
27889 
 
For Permit denials, Proffered Permits and approved Jurisdictional Determinations send this form to: 
 
Division Engineer, Commander, U.S. Army Engineer Division, South Atlantic, Attn: Mr. Philip Shannin, Administrative 
Appeal Officer, CESAD-PDO, 60 Forsyth Street, Room 10M15, Atlanta, Georgia  30303-8801  
Phone: (404) 562-5137 
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Alligator River & 
Pea Island National Wildlife Refuges 

 

CONDITIONS FOR SPECIAL USE PERMITS & AUTHORIZED ACTIVITIES 
 

1. The Permittee or authorized person, and all officers, agents, employees, representatives, and 
clients of the Permittee or authorized person, shall comply with all Refuge, Federal, State, and 
local regulations and conditions that apply to the special use activity. Failure to comply with any 
applicable regulation or condition, and all Federal laws, rules, and regulations governing National 
Wildlife Refuges and the area described in the Special Use Permit (Permit) or authorizing 
documents may result in revocation of the Permit or authorized activity and/or criminal 
prosecution. The Permit is non-transferable. 

 
2. While engaged in a special use activity on the Refuge, the Permittee or authorized person, and 

his/her officers, agents, employees, or representatives, shall be in possession of a copy of the 
Permit or authorizing documents (including all attachments that contain conditions) and shall, 
upon request by an authorized Refuge official or by any authorized local, state, or federal law 
enforcement officer, display the copy authorizing their presence and activity on the Refuge and 
shall furnish any other licenses and identification documents as may be requested. 

 
3. Any accident that results in a personal injury (i.e., an accident that requires professional medical 

treatment) shall be reported to the Refuge Manager within 24 hours of the accident. 
 
4. Entry  on the Refuge during nighttime hours (i.e., ½-hour after sunset to ½-hour before 

sunrise) is prohibited, unless authorized in writing by the Refuge Manager. Access to areas 
closed to the public is not allowed, unless authorized in writing by the Refuge Manager. 

 
5. Vehicle travel shall only be on designated roads or routes of travel, unless authorized in writing 

by the Refuge Manager. Vehicles, boats, trailers, and other equipment shall be parked in such a 
manner that roads and trails, including canoe trails and navigable waters, are not to be 
blocked. Roads and trails need to be accessible to other Refuge visitors and to Refuge staff, 
cooperative farmers, fire trucks, emergency vehicles, maintenance equipment, and law 
enforcement patrols. 

 
6. Vehicles with catalytic converters shall be restricted to paved roads, recently maintained gravel or 

dirt roads, or bare soil areas because of the high fire potential.  Vehicles with catalytic converters 
shall not be parked over high vegetation or other fire hazardous materials. 

 
7. All locked Refuge gates shall be closed and locked upon entering and leaving Refuge property. 
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Refuge gates should be left the way they are found (i.e., open, closed, either locked or 
unlocked as the case may be).  All signs describing authorized and unauthorized entry through 
a gate shall be followed unless entry is allowed by this permit. 

 
8. Refuge gate or building keys shall not be loaned to other agencies, companies, or persons. If 

there is a need for access by other persons, please have them contact the Refuge Manager. All 
Refuge keys shall be returned to the Refuge Manager, or a designated staff member, within 10 
calendar days, after expiration or termination of the Permit or authorized activity. 

 
9. All dogs (or any other pet) must be confined or on a leash while on the Refuge, unless authorized 

in writing by the Refuge Manager.  Leashed pets must be under the immediate control of the 
Permittee or authorized person, or the leash must be secured to a stationary object. The leash 
shall not be in excess of 10 feet in length. Dogs are not allowed in areas where dogs are 
prohibited, unless authorized in writing by the Refuge Manager. 

 
10. Possession or use of firearms, air guns, bows and arrows, cross bows, spears, or gigs; or illegal 

knives, weapons, or devices; or explosives of any type is prohibited on the Refuge when engaged 
in a special use activity, unless authorized in writing by the Refuge Manager. 

 

11. Littering is prohibited. All materials brought into the Refuge shall be removed and properly 
disposed. Drink cans, bottles, candy wrappers, toilet paper, and other garbage and refuse shall 
not be left on the Refuge. 

 
12. The Refuge Manager shall be contacted before any surface work is done. This includes 

mowing, road or trail improvements, digging, clearing or trimming of brush or vegetation, 
installation of structures, etc. 

 
13. The use of herbicides and pesticides on Refuge property is prohibited, unless authorized in 

writing by the Refuge Manager. Unrestricted, over-the-counter-type, insect repellents may be 
used on or near the body and clothing to repel biting or stinging insects. 

 
14. No permanent or semi-permanent markings shall be made on any Refuge building, structure, 

gate, post, sign, fence, tree, vegetation, or soil by either marking, painting, cutting, scratching, 
blazing, mowing, digging, or other destructive method, unless authorized in writing by the 
Refuge Manager. When needed, only temporary, removable markers (e.g., flagging tape, survey 
stakes, metal/paper/plastic tags, etc.) shall be used to mark site locations, plots, etc. Safety signs, 
informational signs, and any other signs required by law or regulation for the special use activity 
being conducted, shall be posted as required, but only with prior authorization by the Refuge 
Manager. All markers and signs shall be removed upon conclusion of the special use activity or 
upon expiration or termination of the Permit. 
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15. No permanent or semi-permanent fences, buildings, shelters, docks, piers, or other structures 

or facilities may be erected, built, or placed on the Refuge, unless authorized in writing by the 
Refuge Manager. No machinery, equipment, supplies, or materials may be placed or stored on 
the refuge, unless authorized in writing by the Refuge Manager.  

 

16. All open fires are prohibited, unless authorized in writing by the Refuge Manager. Leaving an 
authorized open fire unattended or not completely extinguished is prohibited. Setting on fire or 
causing to be set on fire any timber, brush, grass, or other inflammable material, including camp 
or cooking fires, is prohibited, unless authorized in writing by the Refuge Manager.  The use of 
cutting torches, arc welders, or any other open flame/sparking devices (which are required to 
conduct the special use activity) shall be exercised with caution and only with prior authorization 
from the Refuge Manager or Refuge Fire Management Officer.  When use of these devices is 
necessary, the operator(s) shall have immediate access to appropriate fire control equipment 
(e.g., fire extinguishers, shovels, etc.) and immediate communication access to local emergency 
services (e.g., cellular telephone, two-way radio, etc.). Tobacco smokers shall practice caution 
when smoking; shall completely extinguish all matches, cigars, cigarettes, and pipes; and shall 
dispose of same in a proper container (e.g., a vehicle ash tray). 

 

17. The Refuge Manager should be contacted immediately at (252) 473-1132 upon discovery of 
any wildfire, or any leak, spill, or break in a pipeline, power line, canal, or dike, or any other 
accident or incident that has the potential to have an adverse impact on the soil, wildlife, or 
plants in the area. Any unusual wildlife sightings or suspected illegal activities should be 
reported to the Refuge Manager. 

 

18. It is unlawful to disturb, destroy, injure, collect, or take any wildlife, plant, natural object, 
mineral, cultural or historical feature, or public property on the Refuge, unless authorized in 
writing by the Refuge Manager. State and federal collections or scientific use permit 
regulations and conditions also apply. 

 

19. Wildlife shall not be harmed or harassed and disturbance shall be kept to a minimum, this 
includes all snakes (poisonous and non-poisonous snakes), unless authorized in writing by the 
Refuge Manager. State and federal collections or scientific use permit regulations and 
conditions also apply. 

 
20. Any research or monitoring activities involving ground disturbance may require historic 

preservation consultation with the Regional Office and/or State Historic Preservation Office. 
Researchers must obtain an Archeological Resource Protection Act permit from the Regional 
Office prior to obtaining a special use permit from the refuge. 

 
21. All researchers will be required to obtain appropriate State and Federal permits for the capture 
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and possession of protected species, for conducting regulated activities in wetlands, and for 
other regulated activities. Researchers may also need to provide an assurance of animal care 
form or an institutional animal approval form, if applicable. 

 

22. Research collection activities must adhere to the Service’s policy regarding disposition of biotic 
specimens: 

i. You may use specimens collected under this permit, any components of any specimens 
(including natural organisms, enzymes, genetic materials or seeds), and research results 
derived from collected specimens for scientific or educational purposes only, and not 
for commercial purposes unless you have entered into a Cooperative Research and 
Development Agreement (CRADA) with us. We prohibit the sale of collected research 
specimens or transfers to third parties for commercial purposes. Breach of any of the 
terms of this permit will be grounds for revocation of this permit and denial of future 
permits. Furthermore, if you sell or otherwise transfer for commercial purposes 
collected specimens, any components thereof, or any products or research results 
developed from such specimens or their components without a CRADA, you will pay us 
a royalty rate of 20 percent of gross revenue from such sales. In addition to such royalty, 
we may seek other damages and injunctive relief against you (USFWS 2016). U.S. Fish 
and Wildlife Service. 2016. Director’s Order No. 109, Amendment 11: Use of Specimens 
Collected on Fish and Wildlife Lands. March 31, 2016. 

 
23. The use or possession of traps, snares, or other passive (i.e., unattended) collection devices, 

which are used to collect wildlife, is prohibited, unless authorized in writing by the Refuge 
Manager. Each individual trap, snare, or passive collection device shall have a weather-resistant, 
permanent tag attached with the Permittee’s, authorized person’s, and/or organization’s name 
legibly marked on the tag or shall have the Permittee’s, authorized person’s, and/or 
organization’s name legibly marked, imprinted, or engraved on the trap, snare, or device. 
 

24. For protection of threatened, endangered, rare, sensitive or commercially desirable species, 
publication of specific collection locations (latitude/longitude) is prohibited. The Refuge Manager 
(or designee) must approve the release of this information. Photographic materials 
(photographs, digital images and videos) that document activities involving threatened and 
endangered species permitted by this Permit (e.g., handling wildlife, entering refuge during 
closed hours, collecting of any kind, entering a closed area, disturbing habitat, etc.) may not be 
posted in any public forum (Internet, Facebook, HerpNation, etc.) unless authorized in writing by 
the Refuge Manager and will result in the revocation of this Permit. 

 
25. Permittee may use photographic materials in official (University/public agency) publications, 

including the Internet but must include a statement that the activity was conducted under the 
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provision of a Special Use Permit. All data collected on refuge lands will be shared with the U.S. 
Fish and Wildlife Service.  

 
26. Recreational and commercial uses of unmanned aerial vehicles (drones) are prohibited on the 

refuge. Permitted research projects using UAS technology will be considered using Federal 
Aviation Administration (FAA), Office of Aviation Services (OAS), and Department of Interior (DOI) 
Aviation Policy guidelines. 

 
27. All researchers are required to submit a final report to the refuge upon completion of their work. 

If the study is long-term, an interim progress report will be required. Failure to provide progress 
reports and/or final reports could result in the revocation of the current permit or jeopardize the 
issuance of future permits. 

 
28. Researchers who publish the work in peer-reviewed publications are to provide copies to the 

refuge. All reports, presentations, posters, articles or other publications will acknowledge the 
Refuge System and appropriate refuges as partners in the research, provided that the Service 
does not otherwise deem it appropriate to issue a disclaimer. The acknowledgement recognizes 
that the research could not have been conducted without the existence of the refuge and its 
support and cooperation. The research organization/agency or personnel in conjunction with the 
Service will retain the use and ownership of all data/reports.
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