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ABSTRACT Removal of mammalian mesopredators is a strategy frequently applied to problems of
conservation management, such as protection of rare or endangered species. Effectiveness of predator
removal is often dependent on the ease with which additional predators can immigrate into the removal area.
We applied cost-distance analysis, coupled to a sensitivity analysis, and least-cost path analysis to raccoons
(Procyon lotor) and red foxes (Vulpes vulpes) on the Virginia barrier islands to determine the landscape
resistance (i.e., difficulty) for mesopredators to reach individual islands from both mainland and island
sources, to assess the relative role of mainland versus island populations as sources of immigrants to
unoccupied (or depopulated) islands, and to formulate strategies that focus management efforts on a few key
predator sources. The minimum energetic resistances to immigration varied over 3 orders of magnitude,
making some islands better targets for removal efforts than others. Additionally, because of differences in the
distribution of resident populations on the islands, resistance to immigration to a typical island is at least 3
times less for raccoons than for red foxes. Landscape resistance to red fox immigration is typically lower from
the mainland, whereas for raccoons inter-island movements are typically less costly. Empirical data from
long-term field studies of raccoons and red foxes in this system support the resistance structure identified.
Overwater transits made by marked and resighted raccoons all were relatively short and relatively low-cost.
Similarly, islands that were recolonized following the removal of raccoons and red foxes all were characterized
by very low resistance values. These results are used to identify specific islands for which predator removal
efforts are most likely to be successful in aiding the recovery of beach-nesting and colonial waterbirds in this
system. A similar approach may be applied in any landscape where there are distinct differences in the costs of
traversing different elements of the landscape. � 2015 The Wildlife Society.
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Increased abundances and expanding geographic ranges of
mammalian mesopredators in recent decades have seriously
complicated the conservation and management of ecosys-
tems around the world (Prugh et al. 2009, Carey et al. 2012).
Rare species (Goodrich and Buskirk 1995) and species on
islands (Burger and Gochfeld 1994, Courchamp et al. 2003,
Brooke et al. 2007) are particularly susceptible to the
detrimental effects of mesopredators. Examples include the
extinctions of birds from Pacific islands caused by introduc-
tion of mammalian predators (Blackburn et al. 2004, 2005),
the impact of snakes on birds on Guam (Savidge 1987,Wiles
et al. 2003), and changes in plant communities caused by
introduction of the arctic fox (Alopex lagopus; Croll et al.
2005). Most often the predator is an exotic species,
introduced to the region (Baxter et al. 2008), but even

native predators that have co-evolved with their prey can
have significant impacts when there are changes in their
abundance or distribution (Martin et al. 2010). Furthermore,
overabundant mesopredators often have comparable effects
in fragmented habitats on mainland areas (Beasley et al.
2013). The management of mesopredators has thus become a
critical issue for conservation and restoration (Coté and
Sutherland 1997, Crooks and Soulé 1999).
Although a variety of non-lethal methods have been

developed for reducing predation effects on species of
conservation concern (Goodrich and Buskirk 1995, Jiménez
and Conover 2001, Courchamp et al. 2003), direct control by
predator trapping and removal remains a frequently used
approach to predation management (Reynolds and Tapper
1996, Hecht and Nickerson 1999, Lavers et al. 2010). There
is a growing emphasis on developing strategies designed to
enhance the efficiency and effectiveness of mesopredator
management on extensive landscapes (Sinclair et al. 1998,
Harding et al. 2001, Martin et al. 2010, Peery and Henry
2010, Robinson et al. 2013). These studies confirm that
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taking a formal approach to predation management is likely
to pay dividends in terms of efficiency and efficacy,
particularly when reliable data on predator abundance and
demography are available. Unfortunately, such data usually
are not available. In these cases, an approach that focuses on
the underlying landscape and simple estimates of predator
occurrence may be a useful approach to designing a predation
management strategy.
Martin et al. (2010) applied a multi-factorial structured

decision-making process centered on models of predator and
prey population dynamics to evaluate how control of
raccoons (Procyon lotor) might promote the conservation of
a declining population of the American oystercatcher
(Haematopus palliatus) on the Outer Banks islands along
the central coast of North Carolina (USA). Similarly, Brooke
et al. (2007) prioritized removals of invasive species
(including predators) from islands of various sizes using
measures of area-weighted financial cost and potential
conservation benefit. However, neither of these studies
incorporated treatment of landscape relationships that might
affect the rate of predator reinvasion.
More recently, Harris et al. (2012) proposed a method for

prioritizing islands for invasive rodent eradication, with an
emphasis on reinvasion risk and conservation value. They
proposed that eradication efforts be planned in a metapop-
ulation context, taking into account the likelihood of both
human-mediated and natural reinvasion. They envisioned as
an eradication unit a group of adjacent islands separated from
one another by less than the maximum natural dispersal
distance of the target invasive species but surrounded by a
wider buffer of open water. Eradication efforts would be
focused on units in which the individual islands are
considered eradicable and which are relatively immune to
anthropogenic reinvasion. Potential eradication units are
then evaluated and ranked for their conservation value, a
measure of the conservation gain to be realized in the event of
a successful eradication. Harris et al. (2012) envision cases in
which the conservation value is high and the risk of
reinvasion is either high or unknown. This method uses
distances beyond which reinvasion is assumed to rarely occur.
We build on the work of Harris et al. (2012) by extending
beyond simple distance measures to quantify the relative
landscape-imposed cost of reaching different islands.
Extensive use of space by the predator can seriously restrict

the efficacy of a removal program (Mosnier et al. 2008).
Removal is most likely to be successful in situations where
the opportunity for immigration is low (Hartman and
Eastman 1999, Barton and Roth 2007, Rosatte et al. 2007).
When possible, removals should be targeted at areas with
naturally occurring barriers to immigration (Brooke et al.
2007, Zalewski et al. 2009, Harris et al. 2012). The water
surrounding islands constitutes such a natural barrier, but
even for islands the potential effectiveness of predator
removals is highly variable, dictated largely by relative
isolation and the degree to which removals disrupt in situ
recruitment (Courchamp et al. 2003). Isolation is relatively
easy to define for offshore or oceanic islands, based on
Euclidean distance alone (Harris et al. 2012). Isolation is

more difficult to quantify for near-shore and estuarine islands
embedded in an extensive matrix of salt marshes, tidal flats,
and lagoons.
One approach to assessing proximity and accessibility on a

complex landscape is cost-distance analysis, also called “least-
cost modelling” (Adriaensen et al. 2003) or “cost-distance
modelling” (Graham 2001), in which the minimum
cumulative cost of moving from a source location to a
destination is calculated based on the resistance of each cell of
a geographical information system (GIS) raster. Resistance
may reflect substrate or habitat preferences of animals,
physiological costs, reductions in survival, or an integration
of all 3 (Zeller et al. 2012). Estimates of resistance for raster
cells associated with specific land cover classes can be based
on expert opinion, genetic relatedness, and observed move-
ments (Spear et al. 2010, Zeller et al. 2012). If costs for all
land cover types are equal, cost-distance analysis yields a
measure of simple Euclidean distance, which may be
sufficient when landscapes are either uniform and undiffer-
entiated with respect to transit costs or when they are
configured so that migrants infrequently cross land cover
boundaries.
The data required for cost-distance analysis (i.e., land cover

data, estimates of resistance for different landscape elements,
and identification of populated sources) often are more
readily available than the detailed abundance and demo-
graphic data required for some other approaches. Cost-
distance analysis can be extended to include least-cost path
analysis, which designates a specific, hypothetical path that
minimizes the cost of transit (Zeller et al. 2012), and may be
used to identify likely sources of immigrants. Cost-distance
analysis has been applied in conservation studies to identify
barriers to gene flow (Lada et al. 2008, Murtskhvaladze et al.
2010, Reding et al. 2013, Zielinski et al. 2013, Guarnizo and
Cannatella 2014), identify sites for reintroductions
(Kramer-Schadt et al. 2004, Thatcher et al. 2006), mitigate
the negative effects of habitat fragmentation (Zimmermann
and Breitenmoser 2007, Leoniak et al. 2012, Carroll et al.
2013, Squires et al. 2013), identify areas of high conservation
value (Kautz et al. 2006, Beier et al. 2008, Hebblewhite et al.
2012), and support biodiversity adaptation to climate change
(Howard and Schlesinger 2013, Wasserman et al. 2013).
Whereas these applications aimed to promote the movement
and continuity of the focal species across the landscape,
Gonzales and Gergel (2007) and Zalewski et al. (2009) used
cost-distance analysis to devise a strategy for disrupting the
spread of invasive species.
We extended this latter application to reduce conflicts

between over-abundant native mesopredators and species of
conservation concern on the 1,000-km2 naturally fragmented
landscape of the Virginia barrier islands (USA). These
islands provide critical nesting habitat for 27 species of
beach-nesting and colonial waterbirds, many of which have
declined in recent decades (Williams et al. 1990, 2007).
Concurrently, there has been an expansion in both the
number of individuals and the number of islands occupied by
mammalian mesopredators, particularly raccoons and red
foxes (Vulpes vulpes, hereafter foxes; Erwin et al. 2001,
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Brinker et al. 2007). Mesopredator increase in this area is a
consequence of the decline in hunting and trapping
associated with the demise of waterfowl hunting clubs on
the islands (Graham 1976a, b) and the increase in abundance
of mesopredators on the mainland. Keišs (2001) reported
that the number of nesting waterbird colonies remaining on
the islands is inversely related to the occurrence of raccoons
and foxes. After observing an increase of otherwise suitable
nesting habitat in recent decades, Wilson et al. (2007)
concluded that factors other than habitat availability,
including nest predation by mammals, are probably
responsible for the recent decline of beach-nesting birds.
Erwin and Beck (2007) and Erwin et al. (2007) emphasized
the importance of predation management as part of any
attempt to restore nesting habitat for waterbirds in the mid-
Atlantic region.
We used cost-distance analysis to help identify likely

sources of raccoon and fox immigrants on the islands.
Our objective was to identify locations having both
minimal potential for reoccupation by predators following
removal and high conservation value for beach-nesting and
colonial waterbirds. To this end, we applied cost-distance
analysis to 1) estimate landscape resistance that needs to
be overcome for a raccoon or fox to travel to any given
island from both mainland and island sources,
assuming that relative physiological costs of swimming
versus terrestrial locomotion would serve as a measure of
landscape resistance; 2) assess the relative role
of mainland and island populations as sources of
immigrants to unoccupied (or depopulated) islands;
3) compare the results of cost-distance analysis with
empirical data from field studies of raccoon movement to
assess the degree of conformity between theoretical and
actual movement patterns on the islands; 4) test the rates
of raccoon and red fox immigration to islands having
different minimum-cost values and from which these
species had been removed; and 5) identify high priority
source locations to target for predator monitoring and
removal efforts.

STUDY AREA

The study area included the mainland of the southern
Delmarva Peninsula and the barrier and marsh islands
that extend approximately 150 km along the seaward
margin of the Peninsula (Fig. 1). The islands are separated
from the mainland and from one another by marshes,
marsh islands, and open bays that connect to the Atlantic
Ocean through deep inlets (Oertel et al. 1989, Hayden
et al. 1991). The islands range from 1m to 10m in
elevation, and vary from 14 ha to 9,344 ha in area.
Vegetation composition varies from emergent sandbars to
low-lying marsh, to grassland with extensive overwash
zones, to shrub thickets, and finally to mature forests on
elevated islands (McCaffrey and Dueser 1990). As
measured from the National Oceanic and Atmospheric
Administration (NOAA) Coastal-Change Analysis Pro-
gram (C-CAP) land cover data layers for the lower
Delmarva Peninsula (Virginia and Maryland) for the year

2005 (http://www.csc.noaa.gov/digitalcoast/data/ccapre-
gional), the distance between nearest-neighbor islands
averages 0.81 km (SE¼ 0.16), and the distance between
adjacent islands that are separated by deep, swift-running
inlets averages 0.52 km (SE¼ 0.08). The average island
distance from the mainland is 5.84 km (SE¼ 0.75; range:
0.35–12.9 km).
The study area included 31 marsh and island surfaces in

our analyses (Fig. 1), each of which had a history of nesting
by beach-nesting and colonial waterbirds (Williams et al.
1990, 2007). Assateague, Chincoteague, Fishermans, and
Wallops islands are connected to the mainland by highway
bridges. All other surfaces are accessible only by crossing
open water. Several islands have been occupied by humans
sporadically, but have been essentially deserted since a
series of severe storms in the early 1930s (Barnes and
Truitt 1997). The islands are held in public ownership by
the United States Fish and Wildlife Service (USFWS,
Chincoteague and Eastern Shore of Virginia National
Wildlife Refuges), the Commonwealth of Virginia (Wreck
Island Natural Area and Mockhorn Island Wildlife
Management Area), or are owned by The Nature
Conservancy. The Nature Conservancy holdings comprise
the Virginia Coast Reserve, a National Science Founda-
tion Long-term Ecological Research site, a Man and the
Biosphere Reserve, and a Western Hemisphere Interna-
tional Shorebird Reserve Network site (Badger 1991,
1997).

Figure 1. The 31 island and marsh surfaces of the Virginia barrier island
complex used in this study.
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METHODS

Cost-Distance Analysis

Cost-distance analysis is a means of incorporating the
influence of landscape heterogeneity on potential animal
movements. It requires that the landscape be characterized in
a meaningful way with respect to movements (Schadt et al.
2002, Kautz et al. 2006), that appropriate landscape
resistance values be assigned, and that sources be properly
identified (Zeller et al. 2012). A raster resistance surface
contains the resistance value (i.e., cost of traversing) for each
raster cell (Graham 2001). Resistance may also be referred to
as friction or impedance. Resistance may be estimated based
on expert opinion or physiological energy expenditure, or it
may be inferred from occurrence, observed movements, or
genetic relatedness (Spear et al. 2010, Zeller et al. 2012). To
create a resistance surface, we started with the NOAA
C-CAP land-cover data layers for the lower Delmarva
Peninsula (Virginia and Maryland) for the year 2005. We
simplified the classification from 23 cover classes to 3 classes:
upland, salt marsh, and water (Table 1). The layer had 30-m
pixel resolution, and classification accuracies>90% for water
and salt marshes (layer metadata). Each class represented a
distinct habitat relative to the mobility of raccoons and foxes
(Dueser et al. 2013).
We estimated resistance values based on the relative

energetic cost of traversing a distance of 1 km for each cover
class. Our values were based on published estimates for the
relative cost of mammalian locomotion, with the same values
used for both raccoons and foxes (see Supplementary
Materials on file with http://onlinelibrary.wiley.com). We
set costs at 1 for traversing 1 km of upland, 4 for traversing
1 km of water, and 2 for traversing salt-marsh.
We defined the mainland source region as all the upland

contiguous with the Delmarva Peninsula. Similarly, we

defined an island source as the upland portion of an island
(i.e., any area higher in elevation than tidal marsh) that
supported a year-round population of the focal species. For
raccoons, we used prior reports (Paradiso and Handley 1965,
Dueser et al. 1979, Hanlon et al. 1989) and extensive field
investigations between 1998 and 2007 (Keišs 2001, Martin
2007, Dueser et al. 2013; B. R. Truitt, The Nature
Conservancy, personal communication) to identify 11 source
islands (Table 2). Each source island had woody habitat and a
source of fresh water, both of which are positively correlated
with raccoon population density and their temporal stability
in fragmented landscapes (Beasley et al. 2011). For foxes, we
used prior reports (Paradiso and Handley 1965, Krim et al.
1990, Brittingham 1993) and observations and/or records
from trapping of adults with kits during the years 1998–2010
(R. D. Dueser, Utah State University, and N. D. Moncrief,
Virginia Museum of Natural History, unpublished data;
B. R. Truitt, personal communication) to identify 4 source
islands (Table 3), each of which was also a raccoon source.
We established destination points on the upland of each

island on the north, south, and middle, thus excluding
isolated areas of upland surrounded by marsh (e.g.,
hummocks). We added 1 to 3 additional destination points
adjacent to islands lacking a North-South orientation. We
calculated the minimum cost of reaching a destination island
as the minimum net resistance between the source and any 1
of these destination points. Calculation of the minimum
costs for inter-island migration required multiple cost-
distance analyses. One analysis calculated the minimum costs
for moving from any of the islands that we identified as
potential sources to each of the non-source islands. We then
conducted a separate analysis for each source island, with the
target island removed from the source pool and calculating
the cost of moving to that island from any of the remaining
source islands.

Table 1. Land-cover classes of the Virginia barrier islands in 2005, as designated by the Coastal-Change Analysis Program (C-CAP) and simplified for use
in this study. Cost of travel and percentage of total island area are indicated for each C-CAP cover class except water.

C-CAP Land-cover class Simplified cover class Percent of island area Cost of travel

High Intensity Developed Upland 0.10 1
Medium Intensity Developed ” 0.41 1
Low Intensity Developed ” 0.96 1
Open Spaces Developed ” 0.93 1
Cultivated Land ” 0.09 1
Pasture/Hay ” 0.00 1
Grassland ” 0.74 1
Deciduous Forest ” 0.67 1
Evergreen Forest ” 2.11 1
Mixed Forest ” 0.65 1
Scrub/Shrub ” 2.45 1
Palustrine Forested Wetland ” 6.33 1
Palustrine Scrub/Shrub Wetland ” 1.07 1
Estuarine Forested Wetland ” 0.04 1
Estuarine Scrub/Shrub Wetland ” 0.55 1
Unconsolidated Shore ” 5.03 1
Bare Land ” 12.29 1
Background Water 0.17 4
Water ” 4
Palustrine Aquatic Bed ” 0.01 4
Estuarine Aquatic Bed ” 0.00 4
Palustrine Emergent Wetland Marsh 1.25 2
Estuarine Emergent Wetland ” 64.13 2
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For our cost-distance analysis, we used the ArcGIS
(Environmental Systems Research Institute, Inc., Redlands,
CA) CostPath tool to calculate minimum-cost values as the
minimum accumulated cost (i.e., total resistance encoun-
tered) required to reach the least costly of the 3 or more
destination locations on each island. To aid in distin-
guishing between sources, we mapped specific least-cost
paths using the ArcGIS Shortest Path tool. Because of
skewed distributions, we used SPSS 20.0 and 22.0 (SPSS,
Inc., Chicago, IL) nonparametric tests (Spearman’s rho
and Kolmogorov–Smirnov) to analyze minimum costs for
rank correlations and differences in distributions,
respectively.
To test the sensitivity of our results to the selection of

particular resistance values, we repeated the mainland-to-
island analysis using resistance values for upland, marsh, and
water of 1, 1.5, and 3, and 1, 4, and 8, respectively. This
provided a test of the influence of extremely low and
extremely high resistances based on measurements of energy
expenditures for swimming versus walking (see Supplemen-
tary Materials). Finally, we repeated the mainland-to-island
analysis using a constant value of 1 for all land cover types to
calculate the Euclidean distance between a mainland source
and each island destination. We compared analyses with
different suites of resistance values using Spearman’s rho
and a graphical examination of linearity.

Evidence from Field Studies
Weexamined the validity of our results from cost-distance and
least-cost path analyses using data from 2 independent field
studies of overwater movement by mesopredators in this
system. First, Dueser et al. (2013) documented overwater
movement by 25 resighted raccoons (out of 335 marked
animals) during8years offieldwork (1999–2007)on9Virginia
barrier islands and 9 sites on the adjacent Delmarva Peninsula
mainland. For each observed instance of overwater movement
reported by Dueser et al. (2013), we estimated the minimum
cost between the first point of observation (source) and
last point of observation (destination). Despite the extensive
effort expended to obtain these field data, the low number of
direct observationsofoverwatermovementprecluded standard
statistical analysis.Nevertheless,wewere able to predict (based
on cost-distance analysis results) that all observed movements
would have relatively low minimum costs.
Next, we tested the validity of the results of our cost-

distance and least-cost path analyses using field evidence of
overwater movement in the form of immigration by
unmarked raccoons (n¼ 62 individuals) and foxes (n¼ 46)
during 10 years (2001–2010) of removal trapping on 5
non-source islands (Assawoman, Metompkin, Wreck, Ship
Shoal, and Myrtle). These low-lying, frequently-flooded
islands had limited fresh water or shelter for mesopredators
but offered excellent nesting habitat for beach-nesting and

Table 2. Minimum-cost sources for raccoons on the Virginia barrier islands and comparison of cost ratio between mainland and island sources. The
minimum-cost source is the island (or the mainland) used as a source that had the lowest cost of transit. A high mainland:island cost ratio indicates that costs
of traveling from a source island are much lower than the cost of traveling from the mainland. A high island:mainland cost ratio indicates that travel cost from
a source island is much higher than the cost of traveling from the mainland. Ratios <1.0 are not shown. Asterisks denote source islands.

Island Minimum-cost source Cost ratio mainland:island Cost ratio island:mainland

Assateague* Chincoteague 1.3
Assawoman Wallops 134.2
Cedar* Parramore 3.5
Chimney Pole North Revel 7.6
Chimney Pole South Hog 6.3
Chincoteague* Wallops 10.2
Club House Point Cedar 3.2
Cobb Hog 10.6
Dawson Shoals Cedar 42.2
Fishermans* Mainland 11.8
Fowling Point Mainland 14.6
Godwin Smith 2.8
Hog* Parramore 2.7
Holly Bluff Skidmore 1.1
Little Cobb Hog 2.4
Man and Boy Mockhorn 3.4
Metompkin Cedar 1.3
Mink Smith 7.2
Mockhorn* Smith 1.1
Myrtle Smith 262.5
Parramore* Revel 99.4
Raccoon Mainland 2.2
Revel* Parramore 42.8
Rogue Hog 30.9
Sandy East Revel 1.9
Sandy West Mainland 1.1
Ship Shoal Smith 4.5
Skidmore* Mainland 2.2
Smith* Mockhorn 1.7
Wallops* Chincoteague 1.3
Wreck Smith 2.5
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colonial waterbirds (Wilson et al. 2007). The Nature
Conservancy, the USFWS, and the Virginia Department
of Game and Inland Fisheries initiated fieldwork on these 5
islands in 2001, with the intention of removing all raccoons
and foxes annually; track and sign surveys preceded use of
traps, snares, and shooting by Wildlife Services personnel of
the United States Department of Agriculture. We classified
as recent immigrants all animals captured on these islands
during 2002–2010 (B. R. Truitt, personal communication;
A. L. Wilke, The Nature Conservancy, personal communi-
cation). We predicted that the number of immigrants,
following removals, would be greater for islands with low
minimum costs relative to those with high minimum costs.
We used a 1-tailed Spearman’s rho to test for the predicted
negative rank correlations between minimum costs from
island and mainland sources and number of recent
immigrants.

RESULTS

Mainland-to-Island Movement Costs
To calculate the relative cost of travel from the mainland to
each of the destination islands, we used a single cost-distance
analysis for both raccoons and foxes because the mainland
serves as a potential source for both species. The median cost

of reaching an island from the mainland was 12.00
(i.e., equivalent to 12 km of upland travel, 6 km of travel
through marsh, or 3 km of swimming). Nineteen of the
islands required>10 cost units, and of those 9 had costs>20.
We found wide variation, ranging from <1 cost unit for
Assateague, Fishermans, and Raccoon islands, each of which
is separated from the mainland by only a narrow tidal
channel, to >30 for Rogue, Cobb, and Little Cobb islands,
which are separated from both the mainland and lagoonal
marshes by a wide expanse of open water (Fig. 2A). The
progression in costs to reach the islands from the mainland
followed a relatively smooth, increasing curve from least
costly to most costly, with no abrupt transitions and no
obvious outliers (Fig. 2A).
Least-cost paths tended to incorporate marsh bridges

between the mainland and barrier islands, rather than
crossing large areas of open water (Fig. 3A). Exceptions
included Cobb, Rogue, Little Cobb, Wreck, and Godwin
islands, all of which entailed crossing an uninterrupted
stretch of water between 2.4 km and 5.5 km in width.
Although the mainland was the ultimate source, least-cost
paths often crossed intermediate bridge islands. Mockhorn
Island was particularly important in this regard. Least-cost
paths for 6 islands usedMockhorn as an intermediate step on
their way from the mainland.

Table 3. Minimum-cost sources for red foxes on the Virginia barrier islands and comparison of cost ratio between mainland and island sources. The
minimum-cost source is the island (or the mainland) used as a source that had the lowest cost of transit. A high mainland:island cost ratio indicates that costs
of traveling from a source island are much lower than the cost of traveling from the mainland. A high island:mainland cost ratio indicates that travel cost from
a source island is much higher than the cost of traveling from the mainland. Ratios <1.0 are not shown. Asterisks denote source islands.

Island Minimum-cost source Cost ratio mainland:island Cost ratio island:mainland

Assateague* Chincoteague 1.3
Assawoman Wallops 121.7
Cedar Parramore 3.4
Chimney Pole North Parramore 5.9
Chimney Pole South Parramore 2.6
Chincoteague* Wallops 10.2
Club House Point Parramore 1.6
Cobb Parramore 1.5
Dawson Shoals Parramore 12.1
Fishermans Mainland 43.7
Fowling Point Mainland 16.2
Godwin Mainland 1.7
Hog Parramore 2.7
Holly Bluff Mainland 48.1
Little Cobb Mainland 1.1
Man and Boy Mainland 2.7
Metompkin Mainland 2.1
Mink Mainland 2.2
Mockhorn Mainland 8.5
Myrtle Mainland 2.5
Parramore* Mainland 2.1
Raccoon Mainland 79.9
Revel Parramore 43.9
Rogue Parramore 1.6
Sandy East Parramore 1.2
Sandy West Mainland 1.5
Ship Shoal Mainland 1.8
Skidmore Mainland 25.2
Smith Mainland 5.7
Wallops* Chincoteague 1.3
Wreck Mainland 1.3
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When we repeated the mainland-source analysis using
different resistance values, we found strong linear relation-
ships between the minimum costs of the islands with the
original (intermediate) resistances and those with the more
extreme values, both high and low (Fig. 4). Although the
slopes of the lines inevitably differ when different total
weights are used, the strong linear relationships show that
the ranking of islands by minimum cost remains largely
unaltered. Pairwise correlations between the minimum
costs using different sets of resistance values were always
high (all 3 pairwise correlations had Spearman’s rho >0.99,
P� 0.001).
When we set all resistances to 1 to obtain an estimate of

Euclidean (straight line) distances, there was a perceptible
loss of linearity at minimum costs >20 when the curve
flattens out (Fig. 4). Eight islands that had nearly identical
Euclidean distances (9.8–10.73 km) exhibited widely varying
minimum costs (22.5–34.33 cost units), indicating that both
distance and resistance surfaces play a role in determining the
minimum costs on this landscape.

Inter-Island Movement Costs for Raccoons
The median cost of raccoon immigration to an island from
another island was 3.36, versus 12.00 for movement from the
mainland. Only 4 islands (Fowling Point Marsh, Godwin,
Little Cobb, and Wreck) required >10 cost units for inter-
island immigration (Fig. 2B), as opposed to 19 islands for
mainland immigration. A Kolmogorov–Smirnov test indi-
cated significant differences in the cost distributions for
island and mainland raccoon sources (P� 0.01; Figs. 2A and
B). Minimum costs of inter-island movements for raccoons
exhibited an uneven distribution, with Fowling Point as a
conspicuous outlier (Fig. 2B). Whereas least-cost paths from
the mainland frequently overlapped (typically along lagoonal
marshes), inter-island paths tended to be widely separated,
primarily running between the northern and southern tips of
the islands (Fig. 3B).
When we considered the island and mainland sources

together, island-to-island movements, rather than main-
land-to-island movements, had the lowest costs. The median
cost for travel from a lowest-resistance source (either
mainland or island) was 2.80. For 26 islands, the most
cost-effective raccoon source was another island (island:
mainland cost ratio <1.00; Table 2); 6 islands had at least a
30-fold higher cost associated with movement from the
mainland rather than from an island source. The mainland:
island and island:mainland ratios were approximately equal
for 8 islands (both ratios<2.00). The mainland was the most
cost-effective source for only 5 islands (Table 2). Smith was
an especially important source island, serving as the
minimum-cost source for 6 additional islands, only 1 of
which was itself also a source (Table 2).

Inter-Island Movement Costs for Foxes
The median cost of immigration to an island from a source
island was 24.44 units. Eighteen of the islands required >10
cost units for foxes (Fig. 2C). The distribution of inter-island
costs for foxes (Fig. 2C) reflected generally higher costs than
for mainland-to-island movements (Fig. 2A) and was less

Figure 2. Comparison of minimum costs for raccoons and red foxes on the
Virginia barrier islands to each of the 31 destination surfaces from
the mainland (A), from the source islands for raccoons (B), and from the
source islands for red foxes (C).
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evenly distributed, with roughly half the islands having
extremely high costs relative to travel from the mainland. A
Kolmogorov–Smirnov test indicated a significant difference
between the cost distributions for mainland and island
sources (P� 0.009). When we used the source with the
minimum cost (either island or mainland), the median cost of
travel for foxes was 7.18 units, nearly 3 times the equivalent
cost for raccoons. Similar to the inter-island paths for
raccoons, least-cost paths for foxes ran primarily between the

northern and southern tips of the islands, but unlike
raccoons, ran along the islands as well (Fig. 3C). Parramore
served as the source for all islands south of Metompkin, and
for 5 of the southern islands the mainland was used as a
bridge.
Mainland-to-island movements typically had the lowest

costs for foxes. For 17 islands, the most cost-effective fox
source was the mainland (mainland:island cost ratio <1.00;
Table 3). The mainland:island and island:mainland costs
were approximately equal for 11 islands (both ratios <2.00;
Table 3). An island was the most cost-effective source for 14
islands. Of the source islands, only Parramore, which was the
clear minimum-cost source for 10 islands (all island:
mainland ratios <1.00), served as the source for more
than 2 islands (Table 3).
Costs of transit for raccoons and foxes were correlated, but

not strongly so. Minimum costs for inter-island movements
were positively correlated (Spearman’s rho¼ 0.441,
P� 0.013) as was minimum cost regardless of source
(Spearman’s rho¼ 0.660, P� 0.001). Despite the high
level of statistical significance, there was little predictive
power in the relationship, with less than 44% of the variance
in relative ranks explained.

Comparison with Evidence from Field Studies
We used data from 2 independent field studies of overwater
movement by mesopredators in this system to examine the
validity of our cost-distance and least-cost path analyses. The
first study reported directly observed movements of raccoons
that were either marked-and-released at the point of capture
or that were translocated across open water and released on
the upland of an adjacent island (Dueser et al. 2013).
Overwater movement was observed for only 3 of 303 (1%)
individuals marked and released at the point of capture,
precluding statistical analysis of these movements. Never-
theless, these 3 individuals made 4 overwater crossings, all
over relatively short straight-line distances between capture
locations (0.2 km to 0.5 km) with low minimum costs
between islands (0.06–1.51). Dueser et al. (2013) also

Figure 3. Least-cost travel pathways for raccoons and red foxes on the Virginia barrier islands to each of the 31 destination surfaces from the mainland (A),
from the source islands for raccoons (B), and from the source islands for red foxes (C).

Figure 4. Comparison of intermediate and extreme minimum-cost
estimates for raccoons and red foxes on the Virginia barrier islands to
reach each of the 31 destination surfaces from the mainland. Each line
represents a comparison between an intermediate set of travel costs for
upland, marsh, and water (1, 2, and 4, respectively) and 1 of 3 more extreme
sets of values: extremely low (1, 1.5, and 3; open squares), extremely high (1,
4, and 8;�), and all equal (1, 1, and 1; open circles). The latter values provide
an estimate of Euclidean distance between the mainland and the destination.
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reported that 22 of 32 translocated raccoons (69%)
subsequently moved across open water within 2 to
385 days of translocation. Again, all travel was over relatively
short distances between capture locations (0.5 km to 3.5 km)
with low minimum costs between islands (0.39–2.02). Both
groups of animals crossed relatively narrow, slow-flowing
channels. None of the 335 marked raccoons were observed to
cross a tidal inlet (Dueser et al. 2013).
The second field study provided indirect evidence of

overwater movement by unmarked raccoons and foxes in
the form of immigration by individuals of both species
following removal trapping on 5 non-source islands
(Assawoman, Metompkin, Wreck, Ship Shoal, and
Myrtle). Removal trapping of raccoons resulted in the
capture of 0 to 14 animals per island in any given year
during 2001–2010 (Table 4; B. R. Truitt, unpublished
data; D. J. Allaben, United States Department of
Agriculture, personal communication). No raccoons
were removed (or detected in track surveys) on Ship
Shoal or Wreck during 2001–2010 (Table 4; R. D. Dueser
and N. D. Moncrief, unpublished data; B. R. Truitt,
personal communication), although tracks had been
observed in previous years (1998–2000 R. D. Dueser
and N. D. Moncrief, unpublished data). As expected, for
raccoons there was a strongly negative rank correlation
between minimum costs from the mainland and the overall
immigration rate (Spearman’s rho¼�0.975, P� 0.002,
1-tailed). We observed the same pattern when we used the
lowest cost source (either mainland or island; Spearman’s
rho¼�0.872, P� 0.027, 1-tailed).
Removal trapping of foxes on Assawoman, Metompkin,

Wreck, Ship Shoal, and Myrtle islands resulted in capture of
0 to 10 animals per island in any given year during 2001–
2010 (Table 4). Although foxes were detected on only 2 of
the 5 islands during this period, the minimum cost values for
these 2 islands were a tenth of the value of the islands with no
detections (Table 4). The rank correlation between mini-
mum cost and number of recent immigrants was the same for
the mainland and the lowest-cost source (Spearman’s
rho¼�0.894, P� 0.020, 1-tailed).

DISCUSSION

Cost-distance analysis provides a formal approach for using
landscape-level information to plan predation management
on extensive, highly fragmented landscapes, extending the
distance threshold approach ofHarris et al. (2012). Although
our results refer specifically to the landscape of the Virginia
barrier islands, we believe cost-distance analysis may apply
more broadly to extensive, highly fragmented landscapes
elsewhere. In the case of the islands, we observed wide
variation in the relative difficulty of reaching different
islands, from 0.03 cost units for movements across a narrow
channel between Wallops and Assawoman islands, to 32.95
cost units to move from the mainland across >5 km of open
water to Little Cobb Island (Fig. 2).
The overall costs of immigration differed between species

because of the disparity in both the number of source islands
(11 for raccoons vs. only 4 for foxes) and the distribution of
source islands (there is no southern island source for foxes).
Raccoons had lower overall movement costs (median 2.80),
and islands served as the primary minimum-cost source of
raccoons (Table 2). Conversely, fox movement costs were
approximately 3 times higher (median 7.18), and the
mainland served as the primary minimum-cost source of
foxes (Table 3). These findings suggest that, in this system,
foxes might be more effectively removed than raccoons. They
also suggest that removals of island raccoons might have both
direct effects (i.e., reduction of abundance) and indirect
effects (i.e., reduction in number of sources).

Cost-Distance Analysis
Successful application of cost-distance analysis requires
characterization of the landscape in ways that are meaningful
to the species of interest (Schadt et al. 2002, Kautz et al.
2006), assignment of appropriate resistances for different
land cover elements (Spear et al. 2010, Zeller et al. 2012), and
accurate identification of source regions. For our study, we
used a high-quality land cover layer and a very coarse
landscape categorization, where crossing different classes
demands extremely different modes of locomotion

Table 4. Number of raccoons (R) and red foxes (F) removed from each of 5 non-source Virginia barrier islands during the period 2001–2010. MC is
minimum cost of movement to the island.

Assawoman Metompkin Wreck Ship Shoal Myrtle

Year R F R F R F R F R F

2001 2 10 1 2 0 0 0 0 0 0
2002 1 3 0 1 0 0 0 0 3 0
2003 2 4 0 1 0 0 0 0 2 0
2004 0 8 3 2 0 0 0 0 0 0
2005 0 0 2 0 0 0 0 0 0 0
2006 0 0 1 0 0 0 0 0 0 0
2007 7 6 2 3 0 0 0 0 0 0
2008 0 0 14 1 0 0 0 0 0 0
2009 10 3 5 0 0 0 0 0 0 0
2010 6 2 1 0 0 0 0 0 0 0
Mean (SE) 2002–2010 2.9 (1.26) 2.9 (0.94) 3.1 (1.46) 0.9 (0.35) 0.0 0.0 0.0 0.0 0.6 (0.38) 0.0
MC from mainland 3.65 3.65 3.94 3.94 29.70 29.70 28.11 28.11 22.51 22.51
MC from island 0.03 0.03 3.09 8.13 11.80 39.81 6.19 49.47 0.09 55.18
MC island source Wallops Wallops Cedar Wallops Smith Parramore Smith Parramore Smith Parramore
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(e.g., walking vs. swimming). If additional information had
been available for the relative resistances for different types of
upland (e.g., forest vs. grassland), the analysis could have
been further refined. We assigned resistances based on
published values of energetic costs for terrestrial mammals
(see Supplementary Materials), and we tested the sensitivity
of our results to the selection of particular resistance values.
Finally, we assigned source regions based on long-term field
observations by a diverse group of researchers.
Several empirical studies generally similar to ours (i.e., cost-

distance analysis based on univariate data with a small
number [2–10] of land cover categories) subjected their cost-
distance analysis results to some type of sensitivity
(uncertainty) analysis (Graham 2001, Schadt et al. 2002,
Chardon et al. 2003, Verbeylen et al. 2003, Kautz et al.
2006). Both the test procedures and the results of these
analyses were idiosyncratic in nature, but all suggested that
data-driven resistance estimates produce relatively stable
cost–distance estimates. In a modeling study, Rayfield et al.
(2010) used 3 classes, which they labeled as hospitable
(similar to our upland), hospitable matrix (similar to our
marsh), and non-hospitable matrix (similar to our water),
and tested the effect of using different resistance values across
landscapes that differed in fragmentation and proportion of
hospitable area. They found that only changes in relative
costs between hospitable matrix and non-hospitable matrix
of greater than 1 order of magnitude caused major changes in
the results of least-cost path analysis.
We tested the sensitivity of our results to the assignment of

resistance valuesbyusing extremely low (water3 times as costly
as land) and extremely high (water 8 times as costly as land)
resistances. We found strong linear relationships between the
minimum costs obtained for each island (Fig. 4). Although
there were unavoidable uncertainties in our process for
assigning energetically based resistance values, each of the
values we chose was appropriate based on published,
biologically grounded estimates for mammalian costs of
locomotion (see Supplementary Materials). Therefore we
assert that our results, although not exact, are not dispropor-
tionately dictated by the specific resistance values we used.
Much of the pattern of connectivity between sources and

destinations would have been apparent based on distance
measures alone, as shown by the linear relationship between
Euclidean distance (all resistances¼ 1) and our cost-distance
analysis results for islands with mainland-to-island distances
of less than 9 km (Fig. 3). However, for 9 islands with
mainland-to-island distances of 9 km or greater, our cost-
distance analysis provided differentiation that was not
predicted based on distance alone. This result is not
surprising given that cost-distance analysis incorporates
both spatial (Euclidean distance) and landscape (resistance
surface) components. When the landscape between source
and destination is relatively uniform, minimum costs will
simply mirror Euclidean distance. However, in circum-
stances where intervening landscapes are heterogeneous and
complex, cost-distance analysis will differ from Euclidean
distance. In using cost-distance analysis to plan predator
management campaigns, it is unimportant whether distance

or resistance components are dominating, except to the
degree that there may be a larger amount of uncertainty
associated with the estimation of resistance values than of
distances. As we showed, cost-distance analysis can be used
to estimate Euclidean distance by the simple expedient of
setting all resistance values to 1. Regardless of whether
distance alone or cost-distance analysis is used, information
about the landscape relationships of sources and destinations
can help inform decisions about where to focus management
efforts in the absence of detailed population data. We concur
with Etherington and Holland (2013) that minimum cost
rather than the length of the least-cost path, is more
appropriate in a predator management context.

Performance of Cost-Distance Analysis
Although there is an extensive and growing literature that
reports methods for modeling movement of animals (Koen
et al. 2012, Zeller et al. 2012), relatively few studies have used
empirical data to assess systematically the predictions of these
models (reviewed by Rayfield et al. 2010, Spear et al. 2010,
Sawyer et al. 2011). In the absence of directly tracking the
lifetime movements of individuals on the islands, we were left
with 2 proxy tests of the performance of cost-distance analysis.
In the first test, we compared the minimum costs for moving
between pairs of surfaces with the observed frequency of
movements by marked animals and the overwater distances
between these surfaces. Dueser et al. (2013) observed
overwater movement by only 1% of 303 raccoons that were
released at the point of capture. In contrast, 69% of 32
translocated individuals were observed to move across open
water, suggesting that overwater transit is more a function of
motivation than simple mobility. Nonetheless, all overwater
movements of marked animals involved crossing relatively
narrow (�0.5 km), slow-flowing tidal channels; none involved
crossing a swift-running tidal inlet, and none were mainland-
to-island. Combined with the frequent observation of marked
raccoonsmoving>1 kmper day on upland areas (Dueser et al.
2013), these observations validated our assignment of a low
resistance value to upland and a high resistance value to open
water. Also, as predicted by cost-distance analysis, all observed
movements bymarkedanimals overcameonly a relatively small
total resistance (minimum costs �2.02).
Our second test of using cost-distance analysis to predict

movement used rates of immigration by unmarked animals
to 5 non-source islands where removal trapping was
conducted 2002–2010 (Table 4). The 2 islands that had
the lowest estimated cost (Assawoman and Metompkin)
experienced persistent immigration. In contrast, the islands
with high estimated costs (Wreck, Ship Shoal, and Myrtle)
experienced little or no immigration following removals.
This result supported our contention that cost-distance
analysis can be used as a predictor of subsequent immigration
into locations where animals were removed.

Enhancing Predator Management
When considered together, information on travel costs and
sources provide insights into the structure of likely move-
ments by mesopredators in this system. For raccoons, 3 main
findings are evident (Fig. 5). First, the mainland serves as the
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most cost-effective source for only 5 destinations, all located
relatively close to the mainland. It is not the most cost-
effective source for any of the more-distant islands. Cost
effectiveness for island sources is typically 10–100 times
higher than for the mainland. Second, there are essentially 3
sectors in the island complex, centered on Chincoteague in
the north, Parramore in the middle, and Smith in the south.
Each of these sectors includes multiple (2–4) sources, and
some of these sources are reciprocal (e.g., Parramore and
Revel), but there is no apparent connection between sectors.
Finally, several of the non-source islands (e.g., Ship Shoal
and Wreck) are relatively distant from their apparent source
island (Fig. 1). In contrast to raccoons, the mainland serves as
the most cost-effective source of foxes for 17 islands, even
including the most distant ones (Fig. 6). Again, cost
effectiveness for island sources is typically 10–100 times that
for mainland. For foxes, there are only 2 sectors in the island
complex, centered on Chincoteague in the north and
Parramore in the middle. The northern sector includes 3
source islands, whereas the middle sector includes only 1
(Parramore).
The observed patterns of connectivity suggest 2 approaches

to predator management on the islands depending on the
overall objectives and the funding available. Periodic,
relatively less-expensive monitoring and removals timed to
precede the avian nesting season would enhance the
availability of nesting locations for birds on the relatively
small, low-lying non-source islands Myrtle, Ship Shoal, and
Wreck, all of which are relatively remote from the mainland
(22.51 � minimum cost �29.70), but relatively accessible
from Smith (0.09 � minimum cost �11.80). The same

might apply to Assawoman and Metompkin, although both
of these islands are relatively accessible from both the
mainland and another island (0.03 � minimum cost �3.09).
This is essentially the approach that was taken by managers
during 2001–2010, and as predicted by the cost-distance
analysis, monitoring and periodic removals have been more
effective on Myrtle, Ship Shoal, and Wreck than on
Assawoman and Metompkin (Table 4).
Alternatively, wholesale eradication of mesopredators on

the relatively large, elevated source islands might ultimately
decrease the number of animals available for immigration to
non-source islands, thereby enhancing availability of avian
nesting habitat on both the source and non-source islands.
The complete removal of raccoons and foxes from
Parramore, Revel, and Smith would greatly increase the
costs of immigration to at least 10 non-source islands. This
approach has been tried with mixed results, perhaps because
of insufficient funding for removals (B. R. Truitt, personal
communication). Following the removal of 23 foxes from
Parramore during 2002–2010, surveys and trapping in 2011–
2014 indicated that foxes have been eliminated from this
island (R. D. Dueser and N. D. Moncrief, unpublished data;
B. R. Truitt, personal communication). On the other hand,
even though 1033 raccoons were removed from Parramore,
Revel, and Smith (2002–2010), these 3 islands still support
robust resident populations of raccoons (B. R. Truitt,
unpublished data; D.J. Allaben, personal communication),
and these islands still have the potential to serve as sources of
raccoons.
The approach adopted for identifying locations for

predator management will depend on the overall set of

Figure 5. Schematic representation of the minimum-cost network for raccoons on the Virginia barrier islands. Arrows connect each island with its most cost-
efficient source.M:I is mainland:island cost ratio. A highmainland:island cost ratio indicates that costs of traveling from a source island are much lower than the
cost of traveling from the mainland.
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management objectives, the empirical information avail-
able, and the resources available for implementing the
management on the ground (Martin et al. 2010). One
appealing aspect of cost-distance analysis is that it can
provide insights into optimizing effectiveness of predator
management while requiring only modest data resources.
Land-cover maps are widely available, identification of
source locations requires only modest population surveys,
and even rough estimates of energetic costs of travel can
yield valuable insights into probable sources of predators.
When additional data are available, they can be combined
with results of cost-distance and least-cost path analyses to
provide additional insights and quantitative, as well as
qualitative results. For example, if there are sufficient data
on observed movements, the cost-distance models can be
used to estimate the costs of those observed movements,
forming the basis for calculating the probability that
particular movements will occur. Such probabilities could
then be coupled with information on population density for
source regions to provide quantitative estimates of the
amount of immigration expected.

MANAGEMENT IMPLICATIONS

There is an urgent need for a robust strategy for allocating
the available funds for the restoration of island species
(Brooke et al. 2007). Harris et al. (2012) proposed a
method for prioritizing islands for invasive rodent
eradication, with an emphasis on reinvasion risk and
conservation value. They envision cases in which the
conservation value is high and the risk of reinvasion is
either high or unknown. Such cases might require the

implementation of a monitoring system as a safeguard
against uncontrolled reinvasion, similar to what we have
proposed for the Virginia barrier islands. Cost-distance
analysis can be a powerful tool for designing a predation
management strategy on a fragmented landscape. In the
simplest cases, such analysis might be no more useful than
simply studying a map and contemplating the possible
pathways that predators might take to cross a landscape. In
other instances, however, in which there are multiple
possible alternative routes to a high priority conservation
area, or in which there are gaps in the areas available or
accessible for management, cost-distance analysis may be a
valuable tool for identifying efficient management scenari-
os. On the Virginia barrier islands, we were able to quantify
the widely varying costs associated with immigration of
raccoons and foxes to islands. The likely minimum-cost
source for raccoons on most islands was another island, but
the likely minimum-cost source for foxes was the mainland.
We used this information to identify 2 options for predator
control efforts aimed at promoting successful nesting by
beach-nesting and colonial waterbirds on the islands:
periodic predator removals from non-source islands that
have high costs (and thus low immigration rates) and
predator eradication on islands that serve as a persistent
source of immigrants to other islands. Given the resources
available, the former approach has been more successful so
far; the latter approach has proven effective for foxes on
Parramore Island. We suggest that cost-distance analysis
may be a useful tool for planning predator management in
any landscape where there are distinct differences in the
costs of traversing different elements of the landscape.

Figure 6. Schematic representation of the minimum-cost network for red foxes on the Virginia barrier islands. Arrows connect each island with its most cost-
efficient source.M:I is mainland:island cost ratio. A highmainland:island cost ratio indicates that costs of traveling from a source island are much lower than the
cost of traveling from the mainland.
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APPENDIX S1.   
 
Details on estimation of resistance values 

The biggest challenge for calculating resistance surfaces is assignment of resistance 
values (Spear et al. 2010).  The preferred method for parameterizing resistance surfaces is field 
data, such as that obtained with mark-recapture, radio telemetry, and track surveys (Spear et al. 
2010). If there is extensive information on observed movements, resistances can be estimated 
directly (Richard and Armstrong 2010, Desrochers et al. 2011). However, for many organisms, it 
is quite difficult to obtain field data that are adequate for estimating resistance surfaces (Spear et 
al. 2010).  Spear et al. (2010) report only 8 publications that used some type of non-genetic field 
data to independently inform resistance assignment.  We are aware of only two additional studies 
(Pullinger and Johnson 2010; Leoniak et al. 2012) that do so, despite the extensive and growing 
literature that reports methods for modeling movement of animals (Zeller et al. 2012).    

 
In our study system of raccoons (Procyon lotor) and red foxes (Vulpes vulpes, hereafter 

foxes) on the Virginia barrier islands, we were unable to obtain statistically robust field data in 
order to directly estimate resistances.  We documented overwater movement by only 25 marked 
and resighted raccoons (out of 335), despite extensive expenditures of time and money during 8 
years of targeted fieldwork (1999-2007) on 9 islands and 9 sites on the adjacent mainland 
(Dueser et al. 2013). All of the movements were relatively short distances between capture 
locations (0.2 to 3.5 km) separated by relatively narrow, slow-flowing channels, and none of the 
335 marked raccoons were observed to cross a tidal inlet (Dueser et al. 2013).  Thus, we do not 
have sufficient empirical data for this system to estimate resistances.  Nevertheless, raccoons and 
foxes are present (at least transiently) on islands (e.g., Cobb, Wreck) that are surrounded by 
considerable amounts of open water (R. D. Dueser and N. D. Moncrief, unpublished data; B. R. 
Truitt, personal communication), indicating that these animals are capable of overwater 
movements over longer distances than we were able to document using our methods of direct 
observation.  

 
In the absence of empirical data from field studies for estimation of resistance, we used 

data for the metabolic energy cost expended by an individual while traversing different habitat 
types, as recommended by Sawyer et al. (2011).  We suggest that this is the most straightforward 
cost metric in systems such as ours, where terrestrial organisms are moving through open water 
between source and destination upland/island surfaces.  The matrix (water) is a discrete barrier 
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that surrounds the suitable habitat (island).  Water is used only temporarily while moving 
between habitable landscape features because it is unsuitable habitat for long periods for 
terrestrial animals.  Most importantly, animals spend different amounts of energy to move 
through water versus on land.    

 
Unfortunately there is no detailed information available on the energetic cost of habitat-

specific locomotion for raccoons and foxes. Therefore, we used measures of energy expenditure 
based on the costs of locomotion for other cursorial quadrupedal mammals, using data for all 
species for which energetic costs have been measured for both terrestrial and aquatic locomotion 
(Table S1).  Fish and Baudinette (1999) and Williams et al. (2002) have shown that the relative 
cost of running and swimming for a species correlates with that animal’s degree of locomotor 
specialization. Terrestrial mammals are relatively poor swimmers because they lack complete 
streamlining of the body, they use inefficient drag-based paddle propulsion, and they swim at the 
surface, which creates increased energy loss as a result of wave drag (Fish et al., 2001). For most 
species, movements are relatively more difficult in water because water is 800 times denser and 
60 times more viscous than air (Williams et al. 2002). 

 
These differences are reflected in the relative cost of locomotion for the terrestrial and 

semi-aquatic species in Table S1.  When considering the pair of rodent species (Norway rat and 
Australian water rat), the cost of transport for swimming versus terrestrial locomotion is higher 
for Norway rats (Taylor et al. 1970, Benthem et al. 1994) which are considered to be terrestrial, 
in comparison to the semi-aquatic Australian water rat (Fish and Baudinette 1999).  The 
American mink is the only species of carnivore for which data are available for cost of transport 
both on land and in water.  Therefore, we used the mink values (swimming costs about 3 times 
more energy than running; Williams 1983a,b) to estimate values for raccoons and foxes, which 
are also carnivores.  However, mink are considered to be semi-aquatic, and their cost of 
swimming versus running is likely to be lower than the swimming-versus-running costs of foxes 
and raccoons.   

 
Extrapolating from the mink values, we estimated that the cost of transport for swimming 

by foxes and raccoons is at least 4 times the cost of walking by these species. We arbitrarily 
assigned an energy cost (resistance) of 1 for walking across one kilometer of upland (i.e., 0.001 
cost unit = 1 meter of upland travel), and we assigned a resistance of 4 times that of land for 
swimming across one kilometer of water.  We found no studies of the relative metabolic energy 
cost for terrestrial mammals to traverse salt marshes, which have a dual character depending on 
the tidal stage, being land during low tide and water during high tide. We therefore assigned an 
intermediate relative energetic cost of 2 resistance units to cross one kilometer of marsh. 

 
In order to facilitate comparisons, and because of their similarities in locomotor 

adaptations, we used the same resistances for raccoons and foxes. Although they both occur on 
coastal islands (Hartman and Eastman 1999; Abbott 2000), there is a paucity of information 
about locomotion costs and overwater movement for these species. Extensive reviews of the 
behavior, ecology, and management of raccoons (Gehrt 2003) and foxes (Cypher 2003) include 
general statements about movement of individuals but lack references to specific information on 
locomotor behavior and metabolism, either on land or in water. In the absence of such 
information, we chose to use the most parsimonious approach: we assigned the same resistances 
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for both species. Our reasoning was as follows: both species are terrestrial quadrupeds with 
relatively long legs, long bushy tails, and seasonally heavy fur. Neither has webbed feet or other 
adaptations associated with an aquatic or semi-aquatic lifestyle. Both raccoons and foxes swim 
by paddle propulsion using combinations of forefeet, hindfeet or all 4 feet in movements that are 
modifications of a terrestrial gait (Fish 1994). This swimming mode is associated with slow 
surface swimming and precise maneuverability (Fish 1994), and it is of low performance 
efficiency compared to the swimming behavior of fully aquatic mammals (Williams 1999, Fish 
1996, Santori et al. 2008). As a result, large differences in cost of transport have been reported in 
comparisons between terrestrial and aquatic mammals (Fish 1996, Fish 2000), but there are no 
data for direct comparisons between raccoons and foxes. In sum, any species differences in 
locomotion costs that we might propose for this analysis would be highly speculative. 
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Table S1.  Values for cost of transport for terrestrial locomotion versus swimming for 5 species of mammals. 
 
 
Taxon 

 
Locomotor 
Specialization 

 

 
Mammalian Order 

 
Relative Cost 
of Transport 

 
References 

   
Platypus 
Ornithorhyncus anatinus 

Semi-aquatic Monotremata terrestrial locomotion is 
2.1 times swimming  

 

Fish et al. 2001 

Human 
Homo sapiens 
  

 

Terrestrial Primates swimming is  
3.9 times terrestrial 
locomotion 

Holmer and Astrand 1972, 
DiPrampero 1986 

Norway rat 
Rattus norvegicus 

Terrestrial Rodentia swimming is  
1.8 times terrestrial 
locomotion  

Taylor et al. 1970,  
Benthem et al. 1994 
 
 
 

Australian water rat 
Hydromys chrysogaster 

Semi-aquatic Rodentia swimming is  
1.25 times terrestrial 
locomotion 

 

Fish and Baudinette 1999 

 

American mink 
Mustela vison  

Semi-aquatic Carnivora  swimming is  
2.7 times terrestrial 
locomotion 

Williams 1983a, 1983b 
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