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Abstract: Although sea turtles are formidable prey as adults, their nests are highly vulnerable to
terrestrial predation. Along the Southeastern coast of the United States, a primary predator of sea
turtle nests is the red fox (Vulpes vulpes). Examining the relationship between fox populations and
nest predation is often difficult due to coastal development. Masonboro Island, North Carolina is an
undeveloped, natural, 13-km-long barrier island complex that is a component of the North Carolina
National Estuarine Research Reserve (NERR). Masonboro Island consists of beaches, a dune ridge,
back barrier flats, an expansive salt marsh, a lagoon, and spoil islands seaward of the Intracoastal
Waterway. A field survey, which was conducted each spring from 2009 through 2012, recorded den
entrance coordinates based upon recent use by foxes. Sea turtle nests were located using a similar
survey methodology, which identifies viable and predated nests as well as false crawls. A series of
spatial-temporal pattern analysis techniques were used to identify trends through time. The results
indicated that: (1) fox den entrances and predated sea turtle nests were clustered throughout the
island (p = 0.01); (2) den entrances in the northern part of the island were closer to the sea turtle nests
than other locations on the island; (3) fox den entrances were positively correlated (p = 0.01) with dune
height, (4) fox den entrances were located closer to the island boat access sites than expected (p = 0.01).
A variety of spatial sensitivity tests were used to test the validity of the statistically significant cluster
analyses. A Geographically Weighted Regression model was created to predict the location of fox
dens using dune elevation, the distance to predated sea turtle nests, and the distance to boat access
sites. The model accounted for 40% of the variance and had a small residual error, which indicates
that the independent variables were statistically valid. Results from this project will be used by
the NC NERR staff to develop management plans and to further study fox-related impacts on the
island. For example, given the higher density of fox den entrances on the northern part of the island,
managers may consider targeted wildlife control measures during the sea turtle nesting season to
diminish predation.

Keywords: red fox; barrier island; sea turtle; recreation; island topography; spatial correlation; cluster
analysis; geographically weighted regression

1. Introduction

The distribution and abundance of the red fox (Vulpes vulpes) has steadily increased in the United
States [1]. Although there are no historical population records, the opportunistic behavior of the red fox
has led to this species rapidly establishing its existence in the Southeastern United States [2]. In North
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Carolina, the red fox population has expanded due to deforestation of pine (Pinus spp.) plantations
and an increase in agricultural land [3]. Current fox population estimates are based on hunter harvest
surveys conducted by the North Carolina Wildlife Resources Commission and disparity exists among
stakeholders regarding population trends [3,4]. The purpose of this project was to investigate the
spatial relationship between the red fox and environmental and human influences on an undeveloped
barrier island.

Red foxes can use multiple dens and each den may have several entrances [5]. They are also
opportunistic predators [6] and, therefore, we hypothesized that the location of red fox den entrances
was correlated to the location of sea turtle nests and the proximity of human recreational activity.
To test this hypothesis, we addressed the following research questions.

1. Are fox den entrances clustered, random, or evenly distributed across Masonboro Island? If they
are clustered, are there particular hot spots? Is the pattern consistent from year to year?

2. Are the sea turtle nests clustered, random, or evenly distributed? Is there a difference in the
spatial pattern for nests that have been predated vs. not predated?

3. Is there a spatial relationship between the fox den entrances and sea turtle nests?
4. Is there a spatial relationship between the fox den entrances and the location of

recreational activity?
5. Are the locations of fox den entrances related to the topography of the island?

To address these questions, we employed spatial metrics (e.g., distance, density, and interpolation)
and spatial statistics.

1.1. Masonboro Island Study Area

In Southeastern North Carolina, the coastline consists of large rivers, estuaries, tidal creeks,
and nearshore barrier islands. Many barrier islands have human settlements dating back to the early
1900s, with few remaining barrier islands lacking permanent settlement and development infrastructure
(e.g., roads). Masonboro Island is an example of an undeveloped barrier island that is legislatively
protected by being designated as part of the North Carolina National Estuarine Research Reserve
(NC NERR) (see https://coast.noaa.gov/nerrs/ for a complete description of the NERR system).

Masonboro Island is the largest undisturbed barrier island in Southeastern North Carolina.
Over 13 km in length, it is bounded by the Atlantic Ocean to the east, the Intracoastal Waterway to the
west, and the highly developed barrier islands of Wrightsville Beach to the north and Carolina Beach to
the south. As is typical of a southeastern barrier island, its ecosystem encompasses oceanfront beaches,
dune fields, shrub thickets, and extensive intertidal marshes. The Masonboro Island component of the
NC NERR is currently managed under a cooperative agreement between the National Oceanic and
Atmospheric Administration (NOAA) and the North Carolina Division of Coastal Management.

National Estuarine Research Reserves are established for long-term research, education,
and stewardship. Given this statutory protection in an undisturbed state, the Masonboro Island
Reserve (designated in 1991) provides an opportunity to study the spatial distribution of red fox in
relation to environmental factors as well as investigate whether recreational use of the island influences
the distribution of foxes (Figure 1). Although there are no permanent structures on the barrier island
and it is accessible only by boat, there is a lengthy history of traditional recreational use for camping,
walking, fishing/shell-fishing, and swimming/surfing [7,8]. This inevitably results in a wide variety
of human impacts ranging from disturbance of vegetation to littering.

Due to its rarity as an undeveloped barrier island, Masonboro Island also provides habitat
for various fauna. These range from overwintering and migrating shorebirds to nesting sea turtles.
The two main species of sea turtles that nest on the island are the green (Chelonia mydas) and loggerhead
(Caretta caretta). Both turtle species are listed as threatened under the Endangered Species Act by
the U.S. Fish and Wildlife Services [9,10]. Red fox, Northern Raccoons (Procyon lotor), and Virginia
Opossums (Didelphis virginianus) also inhabit the island. The former two species are widely considered
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the main predator of sea turtle nests in North Carolina [11]. A full description of the Masonboro
Island component of the NC NERR can be found on the North Carolina Reserve website (http:
//www.nccoastalreserve.net/web/crp).
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Figure 1. The Masonboro Island Reserve is located in (A) New Hanover County, in (B) Southeastern
North Carolina, and in the (C) Southeastern United States.

2. Methods

Our methods consisted of fieldwork to locate red fox dens, development of a GIS database,
computation of spatial patterns of fox den entrances on an annual basis, and correlation of the
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spatial distribution of fox den entrances with sea turtle nests, island topography, and location of boat
access sites.

2.1. Field Work

In order to identify fox den locations, a field survey of Masonboro Island (13 km) was conducted
annually at the end of April or early May between 2009 through 2012. The research team walked the
entire length of the island visually searching for fox den entrances. Fox den entrances are typically
38 cm in height, cleared out, and usually have a conspicuous pile of sand at the entrance [5]. When a
den entrance was identified, its coordinates and whether the entrance was being actively used based
on physical evidence (such as tracks or food caches) were recorded. The area around each den entrance
was extensively surveyed and only one large den complex at the north end of the island had multiple
entrances. Entrances to fox dens have been recorded no more than 10 m apart [5]. It is possible,
although unlikely, that a den entrance was not observed. Therefore, we herein refer to each den’s
coordinates as a den entrance. For the den complex, we used a midpoint between all entrances to
record the coordinates and counted it as a single den entrance. Fox den entrance GPS coordinates
were recorded using a Garmin eTrex 20× (Figure 2A). The Garmin eTrex 20× has an average position
accuracy of less than 15 m depending upon the configuration of the unit. In this study, WAAS was
enabled on the units, which increased position accuracy. However, the accuracy data were not stored
in the database.

In order to identify sea turtle nests, the entire length of Masonboro Island was patrolled 5–7 days
per week starting shortly after sunrise from May through November. Teams of 2–4 NERR seasonal
staff, interns, and community volunteers walked along the high tide line scanning the supratidal and
intertidal beach areas for signs of sea turtle nesting activity (May through August). When tracks were
located, GPS coordinates and photographs were collected. If no nest was located, then the location was
recorded as a “false crawl.” If a body pit was present, team members attempted to locate the nest by
probing by hand throughout the area of disturbance. If a nest was located, the eggs were uncovered at
the minimum amount required to confirm its specific location and for collection of one egg sample.
Each nest was then covered with damp sand, protected with a plastic mesh to prevent predation,
and marked with a sign noting the nest number and office phone number. Nests were checked on a
daily basis throughout incubation and signs of predation or hatching (collapse of the center of the
nest and/or hatchling tracks) were noted. Following state protocol, nests were excavated 72 h after
observing signs of hatching (July through October). The number of hatched eggs, unhatched eggs,
live hatchlings, and dead hatchlings was recorded. All data related to sea turtle nesting were submitted
to the International Sea Turtle website (http://www.seaturtle.org/about/) for incorporation into the
standardized database (Figure 2B).

http://www.seaturtle.org/about/
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Figure 2. Location of: (A) red fox (Vulpes vulpes) den entrances; (B) sea turtle nests; and (C) access sites
at Masonboro Island National Estuarine Research Reserve, North Carolina, USA (2009–2012).

2.2. Data Processing

A geo-database was developed using ArcGIS 10.5.1 [12]. The yearly fox den entrance point
data were converted to a feature class with attributes for year, activity (active and inactive), and a
description of the site. The Masonboro Island Reserve staff provided the following data including
NERR site boundary, the annual sea turtle nest survey, and boat access sites. The annual sea turtle nest
survey data were converted into a feature class with attributes for date, species, type (false crawl or
nest), predation, management activity (e.g., placed mesh), number of eggs predated, date of hatching,
and information about the hatching specifics (e.g., undeveloped, dead, live). Boat access sites were
also converted into a feature class containing no attributes.

A study area polygon was created to limit the area to the main barrier island rather than the entire
Masonboro Island Reserve site, which includes estuarine waters and spoil islands. An elevation grid
was derived from 2010 LiDAR LAS data collected by the US Army Corps of Engineers and available
for download from NOAA’s Digital Coast viewer (https://www.coast.noaa.gov/dataviewer/#/).
All data layers were projected to North Carolina State Plane, NAD 83 (meters).

2.3. Spatial Analysis

Spatial analyses consisted of identifying patterns with the location of fox den entrances,
investigating the spatial relationship between fox den entrance locations, sea turtle nests, and boat
access sites, investigating fox den entrance locations with respect to island topography, and predicting
fox den entrance locations using spatial statistics.

2.3.1. Point Pattern Analysis

Point data can be characterized in one of three categories: dispersed, random, or clustered by
using a variety of tests. There are several techniques to investigate patterns in point data [13–15].
One is the Average Nearest Neighbor statistic, which was used to calculate the degree of clustering
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for fox den entrances and sea turtle nests each year [16]. Given the long and linear shape of the study
area, it is important that the size of the study area is included in the calculation. Otherwise, the default
minimum bounding rectangle size would be a much larger area and would yield unrealistic results.
The Masonboro Island Reserve includes the barrier island as well as the back barrier marshes, water,
and spoil islands. Therefore, to accurately account for the possible location of fox den entrances on the
barrier island, the above-high-tide, upland portion of the barrier island was extracted from the land
cover data. This changed the study area size from the full extent of the NERR site at 10,664,055 m2

(10.7 km2) to 5,544,893 m2 (5.5 km2), which is a substantial reduction in area.
Once the overall degree of clustering was calculated, the Ripley’s K Function was used to measure

the degree of clustering over various distances [13,17]. Ripley’s K is used to measure the pattern by
counting the number of features within multiple distances and compares this to a random distribution.
The result is a measure of clustering and dispersion as distances increase away from each feature.
As with the Average Nearest Neighbor, the size of the study area is important and ideally there are a
minimum of 30 points.

The Average Nearest Neighbor and Ripley’s K measure geographic clustering of features within
the study area determine the spatial pattern of fox den entrances in relation to some other attribute (e.g.,
count or density). Then additional spatial statistics can be used. For example, spatial autocorrelation
and incremental spatial autocorrelation measures the geographic distribution of features as well as
the value of an attribute to determine if the features are clustered, dispersed, or randomly distributed
relative to both the locations and the attribute values [18]. The distances between fox den entrances
and boat access sites, turtle nests, predated nests, and false crawls were calculated and used to measure
spatial autocorrelation using the Moran’s I index. To do this, the distance between fox den entrances
and predated sea turtle nests was calculated and then averaged to the nearest 2, 3, 4, and 5 predated
nests. Calculating the distance between the nearest X number of predated nests will indicate if the
clustering of den entrances is related to the location of sea turtle nests. Spatial autocorrelation was
also computed by counting the number of fox den entrances within multiple radii around each fox
den entrance location. For each year, the fox den entrances were counted at 100 m, 300 m, 500 m,
700 m, and 900 m. These counts were then used as the attributes for testing spatial autocorrelation.
Given that the mean distance between den entrances ranged from 193 m (2009) to 352 m (2012)
(Table 1), we accounted for the variety and range of distances by counting the number of dens at 200 m
increments from 100 m to 900 m.

Table 1. Results of the Average Nearest Neighbor Analysis for fox den entrance locations by year.

Year Count Observed Mean
Distance (m)

Expected Mean
Distance (m) z-Score p-Value Index Result

all 84 43.2 128.5 −11.64 0.000 0.336 clustered
2009 31 193.2 211.5 −0.92 0.357 0.914 random
2010 18 242.7 277.5 −1.02 0.307 0.875 random
2011 19 210.3 270.1 −1.85 0.065 0.778 clustered
2012 16 352 294.3 1.49 0.137 1.194 random

2.3.2. Spatial Relationships between Fox Den Entrances, Sea Turtle Nests, and Boat Access Sites

Once the degree of clustering for the location of fox den entrances was known, the next step was
to compare distances between fox den entrances, boat access sites, and sea turtle nests to test whether
these distances were significantly different from random locations.

Spatial clustering based on location and value or attribute can be tested using the Local Moran’s
I statistic. Local Moran’s I was computed using the distance between fox den entrances and the
predated sea turtle nests. However, to test the validity or strength of the results, the distances to
the nearest 3, 4, and 5 neighbors were calculated. These results were used in the Local Moran’s I to
identify if there were clusters in fox den entrances where the clusters were located and the type of
cluster. For example, a “high-high” cluster is a fox den entrance that was clustered with other den
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entrances (high clustering) and also has significant larger distance (high values) to the predated turtle
nests. Conversely, a “low-low” cluster has den entrances that are clustered with significantly shorter
distances (low values) to the turtle nests [19].

2.3.3. Island Topography and Fox Den Entrance Locations

To investigate if there is a relationship between the location of fox dens and the elevation along
the barrier island, 2010 bare earth point cloud (LAS format) LiDAR data were obtained from the US
Army Corps of Engineers via the National Oceanic Atmospheric Administration (NOAA) Digital
Coast website (https://coast.noaa.gov/digitalcoast/). LiDAR is commonly used to derive Digital
Elevation Models (DEMs) in the coastal zone and the accuracy of DEMs is dependent on the density of
points collected especially in areas with lots of vegetative cover [20–25]. NOAA has distributed LiDAR
data for many years and the Digital Coast is a tremendous asset to managers and researchers who are
investigating coastal patterns [26]. For this study, the LiDAR elevation data (with vertical datum of
NAVD88) were interpolated to create a Digital Elevation Model (DEM) with 0.5 m cell size for the
Masonboro Island Reserve and then a new raster grid was created for the upland area (elevation ≥ 0).

Given the map accuracy of the GPS fox den entrance locations (±15 m at worst) and the 0.5 m cell
size of the DEM, it was inappropriate to extract the DEM elevation at each den X, Y location. Instead
a buffer was used to calculate the average elevation for each den entrance. For each year, fox den
entrances were buffered at 10 m, 20 m, and 30 m and then the mean elevation within each buffer was
calculated. Given that the spatial accuracy of the GPS field effort was on average 20 m, it was decided
that these three buffer distances would be used to calculate the mean elevation and then these results
were tested using correlation coefficients and t-tests to determine if there was a statistical difference in
mean elevation by the size of the buffer. This sensitivity analysis is important in order to determine
whether the size of the buffer influenced the mean elevation. The average elevations within each
buffer distance were compared using a t-test and were not significantly different. Therefore, the mean
elevation for the 20 m buffer was used in the analysis since this size accounted for the potential error in
the fox den entrance GPS locations. Spatial autocorrelation (global Moran’s I) and cluster analysis (local
Moran’s I) were used to identify the spatial relationship between yearly fox den entrance locations and
island elevation.

2.3.4. Predictive Model for Fox Den Entrance Locations

Regression analysis can be used in a spatial or geographic model where the location of
independent variables can be compared with dependent variables [27]. If the independent variables
explain a sufficient amount of the variance, then these variables can be used to predict the dependent
variable. In this study, the independent variables were the distance to predated sea turtle nests,
the distance to boat access sites, and an elevation at fox den entrance locations. The dependent variable
was the density or number of fox den entrances per unit area. The only independent variable that
changed through time was the location and number of sea turtle nests. Therefore, spatial models
were first tested using Ordinary Least Squares (OLS) regression and then predictive models were
created using Geographically Weighted Regression (GWR). Understanding the predictability of the
independent variables is OLS regression, which is a global approach where a single linear equation for
the entire study area is produced from the independent variables [28]. Next, GWR analysis, which is a
local regression approach, produces a regression equation for each polygon or zone in the study area.
This is a local linear regression model rather than a single, global, equation for the entire study area.
The properties of each zone and the immediate neighbors are used to develop regression equations for
each zone. Therefore, if there are differences in the influence of the independent variables across space
then GWR can identify how these relationships change across the study area [29].

Regression techniques have been successfully used to investigate a variety of landscape changes
through time. For example, changing coastal environments have predicted the relationship between
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land use development and vegetation loss [30]. However, the global or overall approach using OLS
regression can miss spatial intricacies at the local level that may be derived using GWR [31].

To create a predictive model, the Masonboro Island study area was divided into equally-sized
transect polygons perpendicular to the island from the north to the south. A spatial sensitivity analysis
was conducted to determine the appropriate size of the transect polygons. We created 10 randomly
placed transects at the north end of the island and then generated transects of varying sizes from 100 m
through 800 m. The number of den entrances per transect polygon was computed. Given that statistical
analysis recommends that the number of transects with no observations be less than 25% and larger
transects would not have enough observations to be statistically valid, it was decided that the 500 m
wide transects (26 polygons) best represented the data and were statistically useful. The 26 transect
polygons had an average size of 40 hectares. Within each transect polygon, the dependent variable
was the count of fox den entrances each year (2009–2012) and the independent variables were the
yearly mean distance from den entrances to predated sea turtle nests (3, 4, and 5 closest neighbors),
yearly mean elevation at fox den entrances, and yearly mean distance from den entrances to boat
access points.

3. Results

3.1. Distribution of Fox Den Entrances and Sea Turtle Nests

The total number of fox den entrances from 2009 through 2012 was 84 and the Average Nearest
Neighbor analysis had significant clustering (p = 0.01). If the den entrances were equally spaced along
the length of the study area, this would have equaled one den entrance for each 1.7 km (total length of
the island is 13 km). However, the annual den entrance count ranged from a minimum of 16 (2012)
to a maximum of 31 (2009) and the average distance between entrances was 200 m. When all years
were considered, there was a significant degree of spatial clustering. However, on an annual basis,
the den entrances were randomly distributed in 2009, 2010, and 2012 and significantly clustered in
2011 (Table 1). Even though the cluster statistics was not significant in 3 out of 4 years, the observed
mean distance was approximately 200 m, which was far less than 1.7 km. Results indicate that some
years are not spatially clustered, but the trend over the study period (2009 to 2012) was clustered.

The sea turtle nests and false crawls were significantly clustered based on analysis of all four
years, but examination by year (2009 through 2012) showed only 1 year (2011) in which nests were
clustered and three years in which turtle nests were regularly spaced, or dispersed across the island
(Table 2). Therefore, in general, the sea turtle nests and false crawls were clustered at various locations
throughout the study area. Given the long and linear shape of the study area, both the fox den entrances
and sea turtles were significantly clustered.

The Ripley K function documented that both the fox den entrance locations and the sea turtle
nests/false crawls were clustered at the local level and dispersed across the barrier island study area
(Figure 3). There was no significant difference in the K values for the sea turtle nests, false crawls,
combined nests, and false crawls.

Given that both the fox den entrances and sea turtle nests were clustered and the degree of
clustering was similar using the Ripley K results, the measure of spatial autocorrelation and incremental
spatial autocorrelation were used to identify whether the den entrances and sea turtle nests have similar
spatial patterns. As described in Sections 2.3.1 and 2.3.2, the distances between fox den entrances
and nearest predated sea turtle nests were calculated and then tested with spatial autocorrelation.
Results indicated that den entrances and predated nests were clustered in 2010, 2011, and 2012 but
were randomly distributed in 2009. The degree or amount of clustering increased as the number of the
nearest predated nests also increased. For example, when the average distance to five neighboring
predated nests were used, there was a stronger clustering statistic than the average distance toward
two of the nearest predated nests. When all years are considered, there is significant clustering
(the relationship is not random) between the den entrances and distance to predated sea turtle nests.
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In 2009, there were only 5 predated nests out of 9 nests that year. This is a very low number of nests
and may be considered an anomaly. Therefore, when there is an average number of sea turtle nests, the
yearly results documented clustering between fox den entrances and sea turtle nests and the average
distances between entrances and nests varied across the study area (Figure 4).
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Figure 3. Ripley K spatially clustering of fox den entrances and sea turtle nests at distances between
50 m and 600 m (fox) and 50 m and 400 m (sea turtles). At larger distances, the locations are dispersed
across the entire study area.
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Figure 4. Mean distance to the nearest five predated sea turtle nests: (A) 2009 had random
spatial autocorrelation; (B) 2010 had clustered spatial autocorrelation; (C) 2011 had clustered spatial
autocorrelation; and (D) 2012 had clustered spatial autocorrelation.
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Results for the Spatial Autocorrelation of fox den entrances using the entrance count within
100 m, 300 m, 500 m, 700 m, and 900 m radii shows that none were clustered at any of these distances.
Therefore, the den entrance count did not have significant clusters but the distance to predated nests
was clustered. The Incremental Spatial Autocorrelation results indicate that there was significant
clustering at distances from 200 m to 800 m using 3, 4, and 5 nearest neighbor distance averages.

Cluster analysis was used to test whether the locations of fox den entrances were related to
the distance to the nearest predated sea turtle nests. A spatial sensitivity of the cluster analysis was
conducted by clustering the nearest 3, 4, and 5 predated sea turtle nests and all results were the
same. Therefore, the number of neighbors is not relevant. However, the location of den entrances and
distance to nests resulted in significant clusters across the study area (Figure 5).

There were significant high clusters in the furthest southern part of the island, which means the
den entrances are spatially clustered in this location and they had high distances to the predated sea
turtle nests. Conversely, the northern end of the island had a significant clustering of dens, but the
distances to turtle nests were significantly less than at the southern end. Of the four years in the study,
2011 had different clustering results where the only clustering of den entrances occurred in the north
and these were much further from the turtle nests than in other years.
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sea turtle nests: (A) 2009, (B) 2010, (C) 2011, and (D) 2012.

Table 2. Results from the Average Nearest Neighbor Analysis for sea turtle nests and false crawls.

Year Count Observed Mean
Distance (m)

Expected Mean
Distance (m) z-Score p-Value Index Result

All years (nests &
false crawls) 177 43 88.5 −13.08 0.000 0.486 significantly

clustered

All years (false
crawls) 84 79.9 128.5 −6.62 0.000 0.622 significantly

clustered

All years (nests) 93 70.8 122.1 −7.76 0.000 0.579 significantly
clustered

All Years (predated
nests) 58 107 154.6 −4.48 0.000 0.662 significantly

clustered

2009 nests 6 749.9 480.7 2.62 0.0087 1.560 dispersed

2010 nests 24 242.7 240.3 0.093 0.9255 1.010 random

2011 nests 38 147.03 190.99 −2.71 0.0066 0.769 significantly
clustered

2012 nests 25 295 235.48 2.44 0.0149 1.255 dispersed
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Table 2. Cont.

Year Count Observed Mean
Distance (m)

Expected Mean
Distance (m) z-Score p-Value Index Result

2009 false crawls 9 326.5 392.5 −0.965 0.3346 0.832 random

2010 false crawls 11 874.8 354.99 9.29 0.000 2.464 dispersed

2011 false crawls 29 208.3 218.6 −0.485 0.6276 0.953 random

2012 false crawls 35 184.85 199.01 −0.805 0.4207 0.929 random

3.2. Distribution of Fox Dens and Boating Access Sites

The distance between fox den entrances and island boating access sites was computed in order
to determine whether den entrance spatial clustering is sensitive to a human presence. Given that
Masonboro Island is accessible only via boat, recreational use tends to be greater and the subsequent
impact is greater as well at boat access sites. Similar to the earlier results, the den entrance locations in
2010, 2011, 2012, and all years combined were statistically clustered with respect to the mean distance
to the nearest two boat access sites (Figure 6). The 2009 entrance locations were not clustered with
respect to the access sites.
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Cluster analysis was used to test whether or not the locations of fox den entrances were related to
the distance to the nearest boat access site. The locations of den entrances and the distance to access
sites resulted in significant clusters across the study area (Figure 7).
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Each year (2009 through 2012) had significant clusters in the northern end of the island where
there are shorter distances to the boat access sites. Unlike the distance to predated sea turtle nests,
the middle of the island had some clustering with access sites. In addition, the southern end did not
have any significant clusters related to the access sites.

3.3. Distribution of Fox Den Entrances Versus Island Topography

Similar to predated turtle nests and the access sites, the fox den entrance locations in 2010, 2011,
2012, and all years combined were statistically clustered relative to the mean elevation at a 20 m radius
around each entrance. The 2009 den entrance locations were not clustered relative to the mean elevation.
The mean elevation of den entrances resulted in significant clusters across the study area (Figure 8).

The northern end of the island, which has the tallest dunes, showed significant clusters with
higher elevations. Conversely, some significant clusters were located at the southern end of the island
where elevation is much lower and dunes are smaller. In 2009, the year that did not have an overall
significant clustering by elevation, there were local clusters of den entrances at low elevations in the
middle section of the island.
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3.4. Relationship between Dependent and Independent Variables

The Ordinary Least Squares regression model was computed for each year and for all
combinations of the independent variables. For example, OLS results for individual independent
variables were not statistically correlated to fox den entrances. However, when all three independent
variables were used, 42% of the variance was explained with elevation being the strongest variable.
Then distance to predated sea turtle nests and then a very small, but significant, contribution showed
the distance to boat access sites.

# Fox Den Entrances = −20.7 + 13.35 × [Elevation] − 0.857 × [Turtle] + 0.000005 × [Access] (1)

This global regression equation was used to predict the number of fox den entrances by zone
(Figure 9). Additionally, the residuals are the difference between the predicted number of fox den
entrances and the observed number (dependent variable).

The regression equation had the lowest residuals in several places along the length of the study
area. The model overestimated the number of den entrances in the far north, far south, and one location
in the middle of the area. The model also underestimated them in several locations throughout the
study area. Given that this is a global equation for the study area and the earlier results document
significant clusters, this equation is a good representation of the importance of the independent
variables. However, the Geographic Weighted Regression provides unique equations for each zone
polygon, which are useful when a global equation cannot estimate clustered data. The results of the
GWR analysis including the predicted number of den entrances, residuals, and local R2 are shown
in Figure 10.
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Figure 10. GWR regression analysis where (A) is the predicted number of fox den entrances; (B) is the
distribution of residuals (predicted dens minus observed); (C) is the local R2 values for each zone; and
(D) is the difference between GWR residuals and OLS residuals.

The GWR model did not improve the overall R2 values. However, the model performed better in
the northern part of the study area where there was a larger number of fox den entrances. To test the
robustness of the OLS model versus the GWR model, the residuals from each model were compared.
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Differences were small and ranged from −0.6 to 0.1. Although the OLS results were not significant
when testing only the elevation independent variable, it was clearly the most important variable
in both OLS and GWR. So a GWR was tested with only an elevation as the predictor. The model
produced larger residuals (−5 to 11) and lower R2 ranged from very low (0.05) in the southern end of
the island to higher (0.33) in the north. Therefore, the GWR model with all significant variables is the
best approach for predicting the number of fox den entrances. These results indicate that elevation is
the most important predictor for fox den entrance locations, but it is far more important in the north
where the dunes are much taller. Based on results presented above, it is not surprising that the GWR
and OLS produced similar results where elevation was the most important independent variable.
However, the local GWR equations more accurately predicted the distribution of fox den entrances.

4. Discussion and Conclusions

4.1. Wildlife Patterns and Predictions

In most years (3 out of 4), clustering of red fox den entrances was positively correlated with
dune elevation and inversely related to the distance to predated sea turtle nests and the distance
to island access. In 2009, there were very few predated sea turtle nests (only 6 out of 9 nests),
which resulted in the lack of a significant relationship with the location of red fox den entrances to
dune elevation. However, the other variables remained significant. Although there were significant
annual results, care must be taken to evaluate the significance because only one year (2009) had more
than 30 observations of fox den entrances. It is not required to have 30 observations, but less than 30
could result in an increased error of omission and commission.

Red fox home ranges in the U.S. can range from 3.9–1.02 km2 [32], which can be extrapolated to
one family of foxes inhabiting the island each year. Additionally, foxes will have multiple den sites and
a single den can have up to 20 different entrances [5,33]. Approximately 70% of dens used by foxes are
temporary in nature and act as shallow retreats during hunting while one complex den is often used to
raise litters [5]. Similarly, we identified only one complex den on the island and all others likely were
temporary retreats. Fox families will use the complex dens from late February to late June until pups
are weaned. The families use the entirety of the home range until the pups disperse in late September
to October [5]. The use of a complex den and retreat dens along the island corresponds directly with
the nesting season for sea turtles. Fox will also reuse den sites each year [6] in lieu of creating new ones.
As such, it is not surprising that the den entrances were clustered when data were pooled across four
years especially given the relationship to dune height and boat access in the northern part of the island.

The red fox can traverse 10 km daily [34], but movement patterns within their home range are
strongly influenced by the distribution of food resources [5,33]. The red fox den entrances were highly
clustered and had shorter mean distances to boat accesses and predated turtle nests in the northern
part of the island. Combined with a potentially more preferred habitat (i.e., taller dunes) and a denser
food resource distribution due to turtle nests and human refuse, it is unsurprising then that fewer
den entrances and predated nests were found along the middle portion of the island. In the south,
boat access sites and predated nests were more important drivers to fox den clustering than dune
elevation. Even though dune elevation is the strongest variable, in the south, this variable is less
important when compared to the north where there are taller dunes.

Our regression models account for 40% of the variance in the data. Predictive models (OLS and
GWR) can never achieve a complete explanation for all variance and future research, which will
consider additional variables that may improve model performance. For example, research has found
that there is a correlation between the presence of coyotes and the abundance of red foxes [35]. It has
also been found that the density of red fox dens is related to the distribution of hares, but not other
rodents (voles) [36]. Identification of red fox prey species as well as their distribution on Masonboro
Island may improve predictive modelling as well.
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4.2. Assumptions

The primary assumption for this project was that the location of red fox den entrances represents
the central tendency for the location of the red fox. The fox den entrance survey did not attempt to
achieve better mapping precision above 15 m. Therefore, the assumption is that the location of fox
den entrances is no better than 30 m (±15 m). The spatial resolution of the GPS data, both red fox
den entrances and sea turtle nests, may have affected the clustering analyses and spatial statistics.
The variation in distances between fox den entrances and predated sea turtle nests was significantly
different in the north, middle, and southern parts of the study area. Therefore, it is unlikely these results
are due to chance. However, future surveys should record GPS coordinates with greater precision.

Given that there is no location data for all recreation activities (e.g., camping and beach),
the assumption was that the location of boat access sites are close to where recreation activity occurs
because people do not venture far from the boating access sites to use the island. This assumption was
grounded in prior research on the distribution of recreational use at Masonboro Island [8,37].

4.3. Management Implications

The results of this study have direct implications for the management of human recreational
use and red fox predation of sea turtle nests on barrier islands. Given that the present study found a
positive relationship between dune elevation and clustering of red fox den entrances, efficiency and
effectiveness of associated predator control operations to minimize sea turtle nest predation could
be focused on areas that exhibit sizeable fore and back dune topography. Such focused efforts may
optimize the effort and expense required in predator control operations including in both management
and monitoring.

Furthermore, since the present study found a positive relationship between boating access
locations and the density of red fox den entrances, management of recreational use of barrier islands
during the sea turtle nesting season may enhance efforts to reduce nest predation. These management
activities may be focused upon direct external locus of control such as regulation of boating
access. Restricting boat access during the nesting season may also alleviate potential Domestic
Dog (Canis familiaris) predation on sea turtle eggs, which have been reported to cause 5–50% of sea
turtle nest failure throughout Central America [38–41]. However, indirect internal locus of control
efforts such as education regarding refuse disposal may be received more positively by the public and
be equally as effective. For example, public education of the role that refuse plays in supplementing
predator diets is a positive method for helping to control the predator population since many visitors
may not have considered the impact that refuse has on the biology of the site.

Finally, it is likely that the management of red fox populations, either directly through predator
control or indirectly through alteration of recreational behavior, may have ancillary benefits to other
species as well. For example, red fox preyed on water-birds (waterfowl, gulls, and rails) in a similar
coastal setting in Spain, especially during the breeding season [42]. Given the abundance of water-bird
nesting on Masonboro Island, it would be prudent to review potential management strategies to
determine whether red fox predator control operations would have ancillary benefits in protecting
water-bird populations and perhaps other species as well.

5. Conclusions and Future Work

A series of spatial analysis techniques were used to investigate the distribution of fox den entrances
and relationships with predated sea turtle nests, island topography, and boat access sites. Spatial
autocorrelation analyzed the fox dens, which were highly clustered (p = 0.01). Den entrances located
on the north end of the island were significantly closer to the turtle nests than the den entrances on
the south end of the island. Den entrances in the middle of the island were not significantly clustered.
The north end has significantly higher dunes in comparison to the middle and south end of the island.
This correlates with the shorter distances between the fox den entrances and the predated turtle nests.
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Access points were close to the den entrances, which confirms that the foxes are opportunistic and
find human refuse to consume. However, the access points are spread across the entire island and,
therefore, this variable is less useful in predicting the location of fox den entrances.

Given the statistical relationships identified in this study, the next step is to create a habitat
suitability model using terrain (elevation and slope), geomorphology (dunes and swales), and habitat.
The purpose for developing a species distribution model using habitat suitability is to create maps of
potential locations of fox den entrances given the input data. The spatial regression approach used
in this current study has created prediction maps, but by using the derived significant independent
variables, a species distribution model is another approach that may lead to additional insight into the
potential spatial distribution of the red fox species. For example, others have used maxent to predict the
invasion of Tamarix in the Western United States [43]. Background information on species distribution
modeling can be found in Reference [44]. Another open source software called VisTrails was developed
to model species distribution and incorporates workflow documentation so that sensitivity in input
data can be tested [45].

Given the importance of elevation and the preference to be located on the backside of dunes,
this information can be used to refine the location probability by incorporating detailed topographic
information such as identifying areas above the highest tide, adjacent to the dune field, and adjacent
to swales that have slight slopes that reduce exposure. During rain events, small depressions (e.g.,
swales) can collect water. This is a good source of freshwater. Additionally, we can add land cover
where dens would be within open or upland grass but not within scrub/shrub or maritime forest.

A spatial simulation model of the red fox was developed using data collected from wildlife
cameras in Grampians National Park, Australia [46]. Simulation models are possible when there is
spatial data that is related to the predicted species at a spatial scale relevant to the species’ habitat
use [47]. ST-Sim (State-and-Transition Simulation) is open-source software that has been used to
develop models that integrate existing data and knowledge about species behavior, can identify gaps
or missing data, and can explore “what if” scenarios such as management strategies and habitat
changes [48,49]. Future work on Masonboro Island will include the development of habitat suitability
models and state-and-transition simulation models to estimate the spatial patterns of the red fox
species given various management scenarios. Habitat maps of the island and several dates of LiDAR
data will be used to develop habitat suitability models. A variety of topographic algorithms and
barrier island statistics will be derived in order to build a State-Transition model and then perform
scenario simulations to predict the location of fox dens [50–54]. For example, island width, dune shape,
configuration, and multiple dune ridges and swales will provide more space to accommodate fox
dens and, therefore, create more fox den entrances. Previous research on the Masonboro Island has
shown that these geomorphological changes have occurred through time and can be measured from
LiDAR data [51,55]. Therefore, spatial metrics of island features will be incorporated into both habitat
suitability models and state-transition models to predict the future habitat availability for red fox dens.
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