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Summary

Habitat fragmentation and urbanization are ubiquitous threats to mammals, forcing species to
either become locally extinct or to adapt. The challenge for species to adapt is great, partly
because of the wide disparity between the quickness of these anthropogenic forces and the rate at
which species can adapt through evolutionary processes. Yet some species are adapting to
fragmented, potentially novel, urban landscapes. Until now however, our ability to investigate
species responses to these threats remained practically infeasible, due to the technological
limitations of monitoring free-ranging animals. However, the field of movement ecology is
spurring interest in these questions, driving rapid technological improvements in biotelemetry
methods, offering biologists unprecedented opportunities. | capitalized on these opportunities
during my dissertation work and investigated a species whose responses to habitat fragmentation
apparently varies greatly across its geographic range, hoping to explore hypotheses concerning
the ecological and behavioral responses of a carnivore to these anthropogenic forces.

This dissertation is an attempt to better understand the behavior and ecology of fishers
(Pekania pennanti) that have recently colonized the previously considered inhospitable, semi-
urban landscape surrounding Albany, New York, USA. Within this dissertation, | compare the
species historic, most-contracted, and current geographic range, and show that fishers have re-
colonized much of their historical eastern range, (including suburban landscapes within the
Northeastern United States), yet remain in isolated fragments within their historic western range
(Chapter 2). Understanding how this species can successfully colonize a suburban landscape, but
remain threated elsewhere, motivated the field-based portion of this dissertation.

I hypothesized that fishers in my study area have adapted their behaviors (e.g., the timing

of their activity and their movement-habitat patterns) in response to human activities. To test
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these hypotheses, | captured and fitted 33 free-ranging fishers across a habitat fragmentation
continuum during three winter field seasons. | deployed state-of-the-art GPS-tracking collars,
equipped with tri-axial accelerometers and remote downloading capabilities and managed these
recorded data via movebank.org. It was necessary to develop a novel system for collecting the
temporal and spatial high-resolution data that would be required to test this hypothesis. Our
accelerometer-informed GPS-fix attempt schedule (described in Chapter 3) achieved great
success in both extending the deployment duration of our GPS-tracking collars while
simultaneously recording more locations, ultimately yielding more realistic fisher movement
tracks.

It appears that these fishers are facilitating their survival within this semi-urban landscape
through adjustments in the timing of their activity and their movement patterns. Our
accelerometers yielded activity data (i.e., overall dynamic body acceleration) that suggests that
these fishers are nocturnal and are avoiding automobile traffic volume peaks by ceasing their
activity earlier when these peaks occur earlier in the morning. Fishers also appear less selective
in their habitat requirements here than reported in the literature, utilizing all forest cover types
available to them rather than particular forest characteristics. However, my study animals rarely
utilized only one forest patch, due to their small area, and instead crossed roads and other
features nightly to move between multiple forest patches. From my model of fisher behavior, it
appears that fishers are utilizing movement corridors to move between these patches.
Unfortunately however, two popular approaches for identifying potential corridors (i.e., least-
cost path analysis and circuit theory) poorly predicted the location of these corridors. Further, an
independent set of animal movement data, derived from camera trap detections, validated my

model predictions and confirmed that the other two models performed relatively poorly.
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In summary, the work presented within this dissertation tells an encouraging story of
persistence and resourcefulness, offering hope for the conservation of imperiled wildlife. The
fisher has been thought to be highly, negatively impacted by human activities and landscape
disturbance, yet their recent colonization of suburban areas suggests the contrary. | am confident
that the results of future efforts similar to those outlined here will be vital to conservation efforts.
Given the rate and ubiquity of threats to wildlife, we must improve our understanding of how
some species are coping with these threats so that we can identify the traits that allow them to do

SO.
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Zusammenfassung

Habitatfragmentierung und Verstédterung sind allgegenwartige Bedrohungen fur Séugetiere, die
lokal aussterben, wenn sie sich nicht anpassen kénnen. Die Herausforderung fiir die Arten ist
jedoch enorm, unter anderem aufgrund der zeitlichen Diskrepanz zwischen der Schnelligkeit, der
anthropogenen Umweltverdnderungsprozessen und der Geschwindigkeit, mit der sich Arten
evolutiv verdndern. Dennoch gibt es Arten, denen es gelingt, sich an fragmentierte und teilweise
vollig neuartige stadtische Landschaften anpassen. Bisher war es fast unméglich zu beobachten,
wie Arten auf diese Gefahren reagieren, da technische Schwierigkeiten die Beobachtung
freilebender Tiere kaum gestatteten. Der Bereich der Movement Ecology verstarkt jedoch das
Interesse an diesen Fragestellungen. wodurch eine schnelle technologische Entwicklung
biotelemetrischer Methoden angestof3en wurde, die Biologen noch nicht dagewesene
Maglichkeiten er6ffnen. Die Untersuchung einer Art, die eine breite Reaktionsnorm auf
veranderte Landschaftsformen zeigt, sollte geeignete Rahmenbedingungen bieten, die die
Uberpriifung von Hypothesen zur 6kologischen und verhaltensbiologischen Reaktion wilder
Arten auf solche anthropogenen Veranderungen erlaubt.

Diese Arbeit stellt einen Beitrag dar, die 6kologischen- und Verhaltensanpassungen von
Fischmardern (Pekania pennanti) besser zu verstehen, die es den Tieren ermdglicht haben, eine
Gegend zu besiedeln, in der sie bisher nicht vorgekommen sind, némlich die semi-urbane
Landschaft um Albany im Bundesstaat New York, USA. In dieser Arbeit habe ich die historische
und aktuelle geografische Verbreitung quantifiziert und belege, dass, obwohl Fischmarder fast
ihr gesamtes 6stliches Verbreitungsgebiet inklusive der sub-urbanen Landschaften in den
norddstlichen Vereinigten Staaten re-kolonisiert haben, ihre Vorkommen in ihrem historischen

westlichen Verbreitungsgebiet auf isolierte Fragmente beschrénkt sind. Die Frage, warum diese
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Art in einigen Gebieten gefahrdet bleibt, obwohl sie in anderen Regionen erfolgreich die
Vorstadte kolonisiert, war Grundlage flr den auf Feldarbeiten basierenden Teil dieser
Dissertation.

Ich habe in meiner Untersuchung die Hypothese aufgestellt, dass Fischmarder ihr
Verhalten (also z.B. ihre Aktivitatszeiten und ihr Bewegungsmuster) an die menschliche Umwelt
angepasst haben. Um diese Hypothese zu Uberprufen, habe ich im Laufe von drei Wintern 33
wilde Fischmarder in unterschiedlich gestorten Landschaften gefangen. Die Tiere wurden mit
modernen GPS-Halsbhandern ausgestattet. Dieses neuartige, fir diese Untersuchung entwickelte
System kann zeitlich und raumlich sehr hochaufgeldste Daten speichern, die zu der Uberpriifung
der Hypothese notwendig sind. Die Halsb&nder kdnnen auch die Beschleunigung in drei Achsen
aufnehmen und kénnen aus einiger Entfernung ausgelesen werden. Die Daten wurden auf der
online-Plattform Movebank.org ausgewertet. Die beschleunigungsabhéngige Aufzeichnung von
GPS-Positionen (siehe Kapitel 3) hat erfolgreich dazu beigetragen, die Lebenszeit der GPS-
Halsbéander zu verlangern und dabei mehr Positionen aufzunehmen, was dazu gefiihrt hat, ein
realistischeres Bild der Bewegungsmuster von Fischmardern zu erhalten.

Es hat sich herausgestellt, dass Fischmarder in den sub-urbanen Landschaften tiberleben,
indem sie ihre Aktivitatszeiten und Bewegungsmuster anpassen. Die Daten unsere
Beschleunigungsmesser legen nahe, dass diese Fischmarder nachtaktiv sind und auf die
Stolzeiten des automobilen Verkehrs und des damit verbundenen Larms reagieren. Auch
scheinen sie hier weniger wéhlerisch zu sein, was ihre Habitatsanspriiche angeht. Anders als in
der Literatur dargestellt, da sie alle und nicht nur einige ausgewahlte Waldtypen nutzen. Jedoch
haben die von mir untersuchten Tiere aufgrund der geringen GréRe nur selten eines, sondern oft

mehrere Waldgebiete genutzt, indem sie sich nachts zwischen den Waldfragmenten bewegt
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haben. Um die Verbindung zwischen diesen Gebieten zu untersuchen erstellte ich ein
Computermodell, dass darauf schlieRen I&sst, dass die Fischmarder zwischen den Waldinseln
bestimmte Korridore nutzen. Die zwei gangigen Berechnungsmodelle zur Identifizierung
maoglicher Korridore, (Least-cost Path Analysis und Circuit Theorie), haben jedoch die
Positionen der Fischmarder nur sehr ungeniigend berechnet. Mein Modell wurde hingegen
zusétzlich von unabhangig erhobenen Bewegungsdaten, die aus automatischen Kamerafallen
berechnet wurden, bekréftigt und bestatigte, dass die anderen beiden Modelle sich nur als sehr
bedingt geeignet erwiesen.

Zusammenfassend kann man sage, dass die hier vorgestellten Ergebnisse eine
ermutigende Geschichte von Bestandigkeit und Anpassungsfahigkeit erzahlen, die Anlass zur
Hoffnung fir den Schutz gefahrdeter Tiere bietet. Die Verbreitung der Fischmarder war
dramatisch zurtickgegangen und es wurde angenommen, dass diese Art durch menschliche
Aktivitaten und Landschaftsverdnderungen extrem negativ beeinflusst wird. Die aktuelle
Besiedelung vorstadtischer Gebiete durch diese Art legt jedoch das Gegenteil nahe. Ich bin
sicher, dass die Ergebnisse zukunftiger Untersuchungen ahnlich der hier vorgestellten Arbeit
wesentlich fur SchutzmalRnahmen sein werden. In Anbetracht der allgegenwaértigen und
vielfaltigen Bedrohung der Tierwelt mussen wir die Perspektive der Tiere bertcksichtigen und
einen Paradigmenwechsel im Naturschutz anstreben, der die Komplexitat des individuellen

Verhaltens mit einbezieht und diese Komplexitaten im Naturschutz berticksichtigt.
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Chapter 1

General introduction
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BACKGROUND and INTRODUCITON
Human activities often affect substantial changes across ecosystems, pushing resident species
toward extinction or forcing them to adapt (Wilcox and Murphy 1985; Saunders et al. 1991;
Turner 1996; Fahrig 1997, 2003). Habitat fragmentation is especially threatening to native
wildlife species, particularly when it leads to the conversion of natural landscapes into a matrix
of less suitable habitat patches; i.e., urbanization (McKinney 2002). Whereas many cannot
(McKinney 2002), some species are indeed able to adapt to these anthropogenic changes, either
because of a pre-adaptation, or through new, rapid evolutionary change (Henle et al. 2004;
Prange et al. 2004; Fischer and Lindenmayer 2007; Harveson et al. 2007; Gehrt et al. 2010).

These anthropogenic threats have temporal and spatial components: human activities
affect changes in the spatial configuration of the landscape and these activities occur at
predictable times within a 24-hour period (McKinney 2002, Longcore and Rich 2004; Beier
2006; Shochat et al. 2006). Thus, animals facing these threats must adapt their movement
behaviors and the timing of their activities. For example, coyotes (Canis latrans) have adjusted
the timing of their activities to avoid peak human activity periods and utilize a wide range of
available land cover types, allowing them to successfully colonize suburban and urban
landscapes across their geographic range (McClennen et al. 2001). However, our understanding
of whether other species have similarly adapted their behaviors is limited, as only very recently
have biologists been able to accurately quantify these behavioral adaptations of free-ranging
individual.

Fortunately, the emerging field of Movement Ecology (Nathan et al. 2008) is spurring the
miniaturization and complexity of biotelemetry technology, and new analytical tools for

identifying behaviors of free-ranging animals (Nathan et al. 2012) and for discerning animal
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behavior using movement data-based models (Fauchald and Tveraa 2003; Morales et al. 2004;
Jonsen et al. 2005; Gurarie et al. 2009; Kranstauber et al. 2012). As a result, the amount of
animal movement data is rapidly increasing and being made available to both quantify animal
responses to habitat fragmentation and urbanization and to test model predictions of their
responses (Wikelski et al. 2007; Wikelski and Kays 2012). These movement models, coupled
with improved spatial and temporal resolution of GPS-derived animal movement data (e.g.,
Brown et al. 2012), are improving our understanding of the mechanistic links between animal
behavior, space use, and survival in dynamic environments (Morales et al. 2010; Smouse et al.
2010; Barton et al. 2012; Buchmann et al. 2012). Given these technological and analytical
advancements and the well-established threats of habitat fragmentation and urbanization to
biodiversity, investigating wildlife species responses to these threats is both timely and necessary
for successful conservation efforts.

Investigating the response of a once rare carnivore species to these threats may be
exceptionally fruitful, especially when this carnivore demonstrates a wide disparity in its
conservation status across its native range. Fishers (Pekania pennanti Erxleben 1777, formerly
Martes pennanti) initially faired poorly in human dominated landscapes and went extinct in
many parts of their range across North America (Powell 1993). They have subsequently
expanded their range across most of their eastern range, including colonizing semi-urban areas of
New York (LaPoint et al. 2013), but remain threatened across most of their western geographic
range (Lewis et al. 2012). Understanding the ecology and behavior of fishers within the semi-

urban areas of New York is the goal of this dissertation.

STUDY SPECIES AND AREA
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The fisher is a medium-sized (females 2.0-2.5 kg; males 3.5-5.5 kg) member of the Mustelidae
family native to the northern forests of North America (Powell 1993) (Figure 1). They are semi-
arboreal generalist predators (Powell 1993; see Chapter 2). Little is known about their activity
patterns and behavior, but they are presumably active throughout the 24-hour period (Weir and
Corbould 2007). Fishers were once considered habitat specialists that required mature forests
(Buskirk and Powell 1994), but more recent work suggests that fishers are less specialized in
their forest-habitat requirements than previously thought (LaPoint et al. 2013).

During the 19™ and early 20" centuries, their range contracted northward following the
Euro-American colonization of North America and the subsequent land conversion, timber, and
fur harvesting, leaving fishers in isolated refugia scattered throughout the southern portion of
their range (Powell 1993; Lewis et al. 2012). By the early 20™ century however, agricultural
abandonment increased and forest clearing eased, particularly within much of their northeastern
range (Pimm and Askins 1995). Across the United States, fisher trapping seasons were closed,
first in Wisconsin (1921) and finally in California (1946), providing fishers with temporary relief
from harvest (Powell 1993). Fisher populations have since expanded their north-central and
northeastern ranges southward, aided by successful translocations (Lewis et al. 2012) and have
even begun colonizing suburban woodlands in parts of their southeastern range (LaPoint et al.
2013). Unfortunately however, fishers still have the fourth most contracted geographic range of
all North American carnivores (Laliberte and Ripple 2004) and their southwestern populations
have been petitioned for protection under the U.S. Endangered Species Act (Center for
Biological Diversity 2008). Fishers have been translocated 38 times throughout their range with
much success (Lewis et al. 2012), yet the regional variation in fisher range expansion remains,

sparking much discussion and debate among carnivore biologists.
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Figure 1. Images of the study species, fishers (Pekania pennanti). A sedated female (top left) and male (bottom
left) and an alert male within a tree.

2 A T

| studied fishers within two areas in eastern New York, USA (42°45 ' N, 73°51' E), to

represent my wild (Rensselaer) and urban (Albany-Schenectady) study sites (Figure 2). The wild
site, the Rensselaer Plateau in central Rensselaer County, ranges in elevation from 200 — 600 m
and is predominantly forested (~85%) with typical northern hardwood and conifer trees species
(e.g., eastern white pine Pinus strobus, eastern hemlock Tsuga canadensis, maples Acer rubrum
and A. sacharum, oaks Quercus rubra and Q. alba, and paper birch Betula papyrifera). The road
density is relatively low (1.33 km/km?; Rensselaer County Bureau of Research and Information

Services 2009) with a human population density of approximately 29.9/km? (US Census 2012).
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The urban site is a 350 km? developed area between the cities of Albany and
Schenectady, bounded by the Mohawk and Hudson Rivers to the north and east, and by
Interstates 90 and 890 to the south and west. The road density in the urban study area is nearly
4x higher than the wild site (4.77 km/km? New York State Office of Cyber Security and Critical
Infrastructure Coordination 2005; US Census Bureau 2012), with little change in elevation (0 —
100 m; United States Geological Survey). The area is characterized by residential and
commercial land uses and is densely populated (438/km?; US Census 2012). Work within this

area focused on forested fragments and other natural areas, including the Albany Pine Bush

Figure 2. Map of the study area showing (A) the proximity of the “urban” and “wild” study areas to each other,
(B) a sample of the “urban” landscape near Albany, New York, USA, and (C) a sample of the “wild” landscape
near Grafton, New York, USA.

Rural
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Preserve, but also more developed and managed areas such as golf courses and cemeteries.

DISSERTATION OUTLINE
The motivation behind this dissertation research is to better understand the ecology and behavior
of fishers inhabiting the developed landscape near Albany, New York, USA. | first quantified
the fisher’s geographic range expansion and tested hypotheses related to the mesopredator
release hypothesis via changes in predator species richness over time, fisher dietary patterns, and
fisher body size (see Chapter 2). This effort suggested that fishers in their eastern range
(including my study area) have greatly expanded their range outward from refugia, and are
possibly benefiting from a reduced predator community. However, it is quite clear that other,
undocumented factors may also facilitate their range expansion, particularly habitat suitability.

| then focused my efforts on understanding when, where, and how fishers move by
quantifying the daily activity patterns, habitat selection, and movement patterns of the fishers
within my study areas. To do so required three years of field work, principally involving the
capture and handling fishers, deploying state-of-the-art global positioning system (GPS) tracking
collars equipped with accelerometers (see Chapter 3 for more details), and conducting camera
trap surveys. However, because of the fragmented matrix of my urban study area and my desire
to record between-patch movements of fishers, high spatial and temporal resolution movement
data was clearly needed to achieve my objectives. In order to obtain this data, we developed a
novel program for a behaviorally-informed, dynamic GPS location-fix attempt schedule (see
Chapter 3). Simply, using the animal’s level of activity (measured via the onboard
accelerometer), we were able to dictate how frequently our GPS tracking collars recorded the

location of our animals: more active equals more frequently. This new dynamic schedule nearly
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doubled the battery life of our collars while simultaneously recording more locations during the
fisher’s activity, ultimately yielding biologically relevant insights that may have otherwise been
undetected.

Chapter 4 describes the ‘when’ component of fisher movements. Using the raw
recordings of the accelerometers of eleven individual fishers, I calculated their overall dynamic
body acceleration (ODBA), and indicator of the level of activity of an individual. From these
data, | was able to determine that these fishers are nocturnal. However, since fishers elsewhere
in more “natural” habitats are reportedly active throughout the 24-hour period, | hypothesized
that these urban fishers have adapting their activity patterns to avoid human activities during the
day. Using automobile traffic volume data from the study area as a surrogate for human activity,
I compared fisher’s onset and cessation of activity with traffic volume peaks on weekdays versus
weekends. Fisher’s appear to cease their activity according to the onset of the morning traffic
volume peak, with the earlier traffic volume peak on weekdays resulting in fisher’s ceasing their
activity earlier on weekdays than on weekends which have a delayed traffic volume peak. As the
traffic volumes of both weekdays and weekends end at approximately the same time, we did not
see a difference in the onset of fisher activities between weekdays and weekends. Further,
fishers within the wild study area do not show these weekday-weekend patters, perhaps because
of their overall lower traffic volumes, and these fishers also remain active into the day longer
than the urban fishers. These preliminary results suggest that the urban fishers are adapting to
human activities by shifting the timing of their daily activities to avoid human activities.

The urban study is highly fragmented by roads and developments, often leaving potential
fisher habitat (i.e., forests) in disconnected patches. Understanding what land cover types

constituted the home ranges of the fishers within the landscape sought and how they moved
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among and between these habitat patches is the focus of Chapter 5. | hypothesized that fishers
selected for forest patches and that they connected the multiple forest patches that constitute their
home ranges by utilizing corridors. I first quantified each fisher’s habitat selection and found
that they prefer forested habitats as expected, but they were often forced to move between
several forest patches in order to acquire sufficient resources. | then developed a novel, simple
model to identify corridors from animal behavior inferred from the movement data collected by
the deployed GPS tracking collars. Next, | used the habitat selection information to run two
models commonly used to predict and identify (yet rarely verified) conservation corridors.
Finally, using remote camera traps, | quantified the number of passes made by several animal
groupings through each predicted corridor type: my model (the “animal-defined” corridor
model), least-cost path analysis, and circuit theory. Camera detection data suggested that the
cost-based corridor models performed poorly in this landscape, whereas my model predicted
corridors that received higher detection rates of every species grouping considered. The results
of this chapter highlight the need to both validate corridor model predictions and to incorporate
animal behavior into existing corridor models.

In the last chapter of this dissertation | review the major findings of each chapter and
provide a broader perspective of this work. I discuss the limitations and conservation
implications of my dissertation and offer suggestions for future research directions. In particular,
| emphasize the potential value of a more animal-centric perspective of movement ecology for

conservation biology.
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ABSTRACT

Today some eastern populations of fisher (Pekania pennanti) are making a strong comeback
from historic range contractions, while other western populations continue to struggle. Here we
investigate whether expanding fisher populations are benefiting from reductions in their
carnivore predator community, as predicted by the mesopredator release. This hypothesis posits
that local extinctions of the largest predators in an area “release” mesopredator populations from
direct predation and competition, leading to an increase in their abundance, expansion of their
range, and potentially shifts in their morphology and ecological niche. We show that the fishers
range expansion appears to be facilitated by reductions in their predator community, especially in
their southeastern range. Our meta-analysis of fisher diet also suggests that released fisher
populations may benefit by complimenting their diverse diets with more large-bodied prey
species, whereas range expansion appears limited by more specialized diets (e.g., northwestern
populations) or those with diverse diets but which contain small amounts of large-bodied prey
(e.g., populations along the Pacific coast). Further, measurements of museum specimens suggest
that individuals within released populations are evolving larger body size, which may help them
hunt larger prey species that are expected to be more available in the absence of larger
carnivores. These three data sets all support the hypothesis that a reduced predator community is
at least contributing to the geographic discrepancies in modern fishers range expansion. We
discuss additional data needed to further test these hypotheses and suggest avenues for future
research. The range expansion of the eastern fisher shows that protecting species and their
refugia over time can allow them to adapt to changes in their environment, providing support for

long-term conservation planning and hope for imperiled species.
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INTRODUCTION

Anthropogenic forces such as habitat fragmentation, habitat loss, over-exploitation, and direct
persecution have resulted in severe range contractions of many apex predator species (Channell
and Lomolino 2000; Gittleman et al. 2001; Laliberte and Ripple 2004; Hemerik et al. 2007).
Their local extinction can have widespread and complex effects on their food webs and
ecosystems (Estes et al. 2011), including allowing populations of smaller predators to increase
(i.e., mesopredator release; Crooks and Soulé 1999; Prugh et al. 2009; Ritchie and Johnson 2009;
Ripple et al. 2013). In turn, the “released” mesopredators may benefit from reduced interspecific
killings (Palomares and Caro 1999), reduced competition for prey (Polis et al. 1989), or from
reduced habitat selectivity due to a lower “fear” of predation (Laundré et al. 2001), potentially
allowing the mesopredator to expand its range. However predicting the mesopredator release has
been difficult because of numerous direct and indirect interactions and complexities within the
ecosystem, and because mesopredators are likely also impacted by some of the same forces that
lead to the reduction of the apex predators.

Fishers (Pekania pennanti) are mesopredators (females 2.0 — 2.5 kg; males 3.5 — 5.5 kg)
native to the northern forests of North America (Powell 1993). Their range contracted northward
following the Euro-American colonization of North America and the subsequent land
conversion, timber, and fur harvesting, leaving fishers in isolated refugia scattered throughout
the southern portion of their range (Lewis et al. 2012). By the early 20" century however,
agricultural lands were being abandoned and forest clearing eased within much of their
northeastern range (Pimm and Askins 1995). Across the United States, fisher trapping seasons
were closed, first in Wisconsin (1921) and finally in California (1946), providing fishers with

temporary relief from harvest (Powell 1993). Fisher populations have since expanded their
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north-central and northeastern ranges southward, aided by successful translocations (Lewis et al.
2012) and have even begun colonizing suburban woodlands in parts of their southeastern range
(LaPoint et al. 2013). Unfortunately, however, fishers still have the fourth most contracted
geographic range of all North American carnivores (Laliberte and Ripple 2004). They remain
threatened along the western coast of the United States, despite harvest bans and five
translocation efforts (Lofroth et al. 2011; Lewis et al. 2012). Fishers have been translocated 38
times throughout their range with much success (Lewis et al. 2012), yet the regional variation in
fisher range expansion remains, sparking much discussion and debate among carnivore
biologists. Lewis et al. (2012) suggest that the success of a fisher translocation effort was
partially predicted by whether the release occurred within the eastern or western range, and
posited that predator-prey communities may be a contributing factor.

As a mesopredator, fishers themselves are at risk to being killed by larger carnivores,
although records of adult fisher mortalities from predation events are rare. A group of coyotes
(Canis latrans) killed a fisher in Maine (Krohn et al. 1994). In Montana, Roy (1991)
documented eight fisher mortalities attributed to a diversity of fisher predators: three males to
cougar (Puma concolor), one male and two females to coyote, one male to wolverine (Gulo
gulo), and one female to lynx (Lynx canadensis). A lynx in British Columbia killed an adult
female fisher (Weir and Corbould 2008). A fisher in Minnesota was killed by a female wolf (C.
lupus), but was the only report of such an event known to the authors (Palacios and Mech 2011).
Cougars and bobcat (L. rufus) have been documented as the most frequent natural mortality
sources for male and female, respectively, fishers across the States of California, Oregon, and
Washington (Wengert et al. in prep). Interspecific killings are common but often undocumented

among carnivores (Palomares and Caro 1999) and are important factors that affect community
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structure (Donadio and Buskirk 2006). Yet these killings are not without risks to the predator;
indeed, fishers have been recorded killing lynx in Maine (Vashon et al. 2003). As these
predators have been known to kill fishers, despite the risks, their presence within the landscape
should hinder fisher populations, either through direct mortality or through indirect effects, such
as increased competition for resources.

The regional variation in their range expansion makes the fisher an ideal study species to
explore the factors that facilitate or hinder range expansion in carnivores. In this paper we
investigate whether expanding fisher populations are benefiting from a reduced potential
carnivore predator community. We first partitioned the fishers’ geographic range into four
regions and quantified each regions range expansion since their most contracted range. We then
quantified the overlap of the fishers current range with the historic and current ranges of six of
their potential predators: bobcat, cougar, lynx, coyote, wolf, and wolverine. If fishers have
indeed experienced a release, theory suggests that they may also expand their ecological niche
(Hutchinson 1957). Fishers could do this by consuming a greater diversity of food items,
especially larger-bodied prey (Moreno et al. 2006), thereby increasing their energy intake
efficiency (Gittleman and Harvey 1982; Carbone et al. 2007). Thus, we predicted that released
fisher populations should have more diverse diets that also contain more large-bodied prey than
fisher populations who have not experienced a release from their predators. Additionally, larger
fishers should be better suited for targeting larger-bodied prey, as these individuals can reduce
their prey handling time (Powell 1979) and should be better suited to defend their cache from
intra-specific competitors (Arnott and Elwood 2009). Therefore, we investigated trends in fisher
size (i.e., condylobasal length) across their range, predicting that the body size of released fisher

populations should increase over time. Here we test these hypotheses with available data and
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highlight areas in need of additional study, aiming to help guide conservation practitioners

working to re-establish the fisher and other carnivore species.

METHODS

Fisher range regional divisions

We divided the fishers current geographic range (Lewis et al. 2012) into four regions whose
boundaries were delineated based on ecoregions (U.S. Environmental Protection Agency 2010),
genetics (Hall 1981; Drew et al. 2003), and probable range discontinuities (Lewis et al. 2012)
(Figure 1). The Pacific region includes fisher populations within California and Oregon,
corresponding to the probable subspecies (P. pennanti pacifica) range within the northwestern
forested mountains ecoregion, but does not include data from the reintroduced population within
northwestern Washington nor the ongoing translocations occurring in the northern Sierra
Mountains of California, as the amount of time since individuals were released in these areas is
insufficient to determine their re-establishment. The Northwest region includes fishers within
western Montana and northern Idaho, and extends to the northern and westernmost extent of
their current range and ends at the easternmost extent of the northwestern northern forests. The
Central region includes the fishers range east of the Northwest region boundary and ends within
Ontario at a probable range discontinuity during the species most contracted range (Lewis et al.
2012), including the states of Minnesota, Michigan, and Wisconsin. The Eastern region includes
areas to the east of the Central region to the Atlantic Coast and southward along the Appalachian

Mountains to West Virginia and including the satellite population within Tennessee.
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Predator range overlap

We compared the percent overlap of the current fisher geographic range with the historic and
current geographic ranges of their documented carnivore predators: bobcat, lynx, cougar, coyote,
wolf, and wolverine. We digitized the current fisher range from Lewis et al. (2012) using ArcGIS
(version 10.1; Environmental Systems Research Institute 2012). For the predator historic range
maps, we used the same ranges as did Laliberte and Ripple (2004) and Prugh et al. (2009) which
were based on field observations from the 18" and 19" century (Hall and Kelson 1959). We
used shapefiles available from the IUCN (2012) as our source for predator current ranges. To
quantify changes in the predator community, we first calculated the proportion of overlap of the
fishers current range with each predators historic range and each predators current range. We
also mapped the change in species richness over time by subtracting the current predator species
richness from the historic to visualize the changes experienced by fishers. All spatial analyses
were conducted using packages for program R (R Core Team 2013, version 3.0.1) packages
maptools (vers. 0.8-25; Bivand and Lewin-Koh 2013), PBSmapping (vers. 2.66.53; Schnute
2013), raster (vers. 2.1-49; Hijmans 2013), sp (vers. 1.0-11; Pebesma and Bivand 2005), and

rgeos (vers. 0.2-19; Bivand and Rundel 2013).

Fisher diet

The disappearance of larger carnivores should allow fisher populations to capitalize on the prey
species that are now more available due to reduced competition with larger carnivores,
particularly large-bodied prey (McKinney and Lockwood 1999; Gehring and Swihart 2003;
Bowman et al. 2006; Prugh et al. 2009; Clavel et al. 2010; Hiiner and Peter 2012). Thus, we

hypothesized that the diets of fisher populations experiencing a mesopredator release should
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contain greater proportions of larger-bodied prey items (i.e., mammals with mass >1 kg) within

their diets than those populations that have not experienced a release. To test this hypothesis we
quantified the diversity and the generality of fisher diets and compared the proportion of larger-

bodied prey within their diets.

We conducted a literature survey, yielding 20 published studies, theses, and agency
reports, including the 12 studies previously reviewed by Martin (1994) (Table 1). We quantified
diet diversity using the Shannon-Weiner diversity index (H’) (Zar 1996) on the full list of diet
components identified within the study. The surveyed diet studies varied in their method for
reporting fisher diet composition, thus to calculate H', we standardized fisher diet compositions
by calculating the % occurrence (%0;) (i.e., the number of samples that contained food item i,
divided by the total number of occurrences of all food items; as recommended by van Dijk et al.
2007) from either the raw data presented in the study, or when the % frequency (%F;) (i.e., the
number of times food item i was present divided by the total number of analyzed samples) was
reported, by converting %F; to %0; by dividing F; by the sum of frequencies for all food items.
Because the studies also varied in the level of specificity of their food item identification (i.e.,
several studies attempted to identify diet components to the species level; e.g., Golightly et al.
2006, whereas others reported less specific categories; e.g., Powell 1977), we reclassified diet
components into thirteen food item categories: insectivores, mice and voles (including bats and
Ochotona spp.), tree squirrels (including Arborimus spp.), ground squirrels (excluding species
with mass > 1 kg, e.g., woodchuck Marmota monax), rabbits (including Sylvilagus spp. and
Lepus spp.), porcupine, carnivores, other large mammals (including food items listed as

“carrion”, beaver Castor canadensis, muskrat Ondatra zibethicus, Odocoileus spp., moose Alces
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alces, reindeer Rangifer tarandus,, elk Cervus canadensis, and woodchuck), bird (including
eggs), herptiles, insects, fruit, and vegetation (Table 1). We excluded items listed as “unknown”,
“remainder”, “other”, “rock”, or “trace materials”. We then calculated the diet diversity of each
study using these reduced food item categories (H'req) as described above and draw our
conclusions from these values. The Shapiro-Wilk normality test suggested that H',eq Was not
normally distributed, so we used Wilcoxon rank sum tests to statistically compare diet diversity
between regions.

We calculated Kendall’s coefficient of concordance (W) on the reduced food item
categories to quantify the variability of food item contributions to the fisher’s diet and also to
investigate whether these contributions varied between and within regions (Legendre 2005). To
estimate Kendall’s W, food items (rows) are arranged by study (columns) and each food item is
ranked by their proportion within each study. These rankings are then summed for each food
item (row) and the variance of these ranking sums was estimated. For example, if the food item
rankings are consistent across all studies, then the variance of the ranking sums (i.e., W) will be
high, suggesting the diet is specialized. As W approaches 0, the food item rankings across diet
studies approach dissimilarity (food item rankings are variable; i.e., opportunist or generalist
diet), and as W approaches 1, the food item rankings become more similar (i.e., specialized diet)

(Legendre 2005).

Fisher body size
We measured condylobasal length data on museum specimens across North America to
investigate whether fisher body size has changed since their most contracted range. Earlier work

suggested that fisher skull size varies geographically, with the Pacific and the Eastern
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populations having the smallest skulls (Hagmeier 1959). However, data from more recent
specimens were required to test our hypotheses. Condylobasal length is a commonly used body
size metric since it is invariant with body condition and age in adults, and is associated with low
measurement error (Meiri et al. 2005; Meiri et al. 2009). Condylobasal length measurements
were taken by natural history museum staff or the authors using digital calipers to 0.1 mm
precision. We only included sexed, adult (i.e., fused cranial sutures), wild caught specimens
with locality data resolution to at least the township, but typically much more specific (see
Appendix). For female specimens, we excluded individuals with condylobasal lengths greater
than the 95% confidence interval, and for males we excluded condylobasal lengths that were less
than the 5% confidence interval, under the assumption that these individuals may have been
incorrectly sexed. We used a generalized linear model to determine whether fisher skull lengths
have changed over time. We ran these models per sex for each region separately, with no
interaction terms and an alpha of 0.05, and assumed skull lengths had a Gaussian distribution.
We searched for non-normality in the residuals and used Cook’s distance (D) to verify that no
specimens had undue influence on the final model (i.e., specimens with potential measurement

error) (Zar 1996).

RESULTS

Overall, fishers have extended since their most contracted range by 57%, but the amount of
range expansion varies between regions. Encouragingly, fishers in the Eastern and Central
regions have increased their geographic ranges by 119% and 46%, respectively, although they do
not yet fully occupy their historic ranges (Figure 1). Less encouraging however, fishers in the

Pacific and Northwestern regions have expanded their ranges by 15% and 18%, respectively
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(Figure 1). Fishers have also experienced changes in both the members of and overlap with their
predator community (Figure 1). These changes match the predictions of the mesopredator
release. The expanding Eastern fisher populations have experienced a 34% reduction in their
predator species overlap, including the complete loss of cougar and wolverine and large range
overlap reductions in both lynx and wolf (Figure 1). The Central region has also experienced a
25% reduction in their predator range overlap, with reductions again in both cougar and
wolverine (Figure 1). Fishers within the Northwest region however, have experienced a 6%
increase in their predator co-occurrence with only small reductions in their overlap with lynx and
wolverine that may correspond with their relatively small amount of range expansion. Changes
in the Pacific fisher predator community (29% reduction) are not consistent with the
mesopredator release hypothesis however. Pacific fishers have experienced the complete loss of
lynx, wolf, and wolverine, but continue to have complete overlap with bobcat, cougar, and
coyote (Figure 1).

Two diet studies (i.e., Kuehn 1989 and Roy 1991) were excluded from our analyses
because they did not report values from which we could calculate % occurrence. We were not
able to replicate the H' values reported by Martin (1994), but our H' values were positively
correlated with those reported by Martin (1994) (rs = 0.74, P = 0.008) and our H'req and H’
estimates were also correlated (rs = 0.74, P < 0.001). For the remaining 18 diet studies, we found
no significant differences in H'eg between fisher population regions (Wilcoxon tests; P > 0.3)
nor in their variances (F-test of variance; P > 0.176). Fishers are generalist predators across their
range (W = 0.314), but the diversity of and the prominent food items within vary between regions
(Table 1). Eastern fishers have the most diverse diet and appear to compliment this diversity by

specializing (W = 0.528) on mammalian food items, particularly “large mammals”. Central
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fishers have the least diverse diet, however it also contains the most large prey items.
Northwestern fishers have specialized diets (W = 0.719) and appear to rely on four of the reduced
food item categories, with only two of these categories being larger-bodied prey species. Pacific
fishers appear to have diverse and unspecialized diets (H'req = 2.272, W = 0.4014), but consume
the least amount of larger-bodied prey items, instead relying heavily on insects and vegetation.
Condylobasal lengths for male fishers are 14% larger than those for females (n = 162,
116.15 mm, SD. = 3.55 mm, and n = 181, 99.37 mm, SD = 2.64 mm, respectively) (Appendix
S1). As predicted, Eastern fisher body size has increased since the late 19" century (Figure 2).
Northwest female skull lengths however have decreased over the last century (Figure 2). Both of
these results are predicted if the populations have either experienced a mesopredator release
(Eastern fishers) or an increase in the co-occurrence of larger predators (Northwestern fishers).
However, we found no significant patterns for Central and Pacific fishers and for Northwest
male fishers. Although the general linear model suggested Pacific male fisher skulls have
increased in length (Figure 2), we consider this result spurious as we were only able to measure

three specimens collected since 1930 from this area.

DISCUSSION

The fishers range expansion varies geographically with most expansions occurring southward,
especially in their eastern ranges, while their western populations have expanded far less. The
fisher’s predator community has also changed in both composition and area of co-occurrence
during this time. The limited range expansion of the Pacific fishers does not match our

predictions, despite reductions in their predator community, bans on their harvest, and five
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Figure 2. General linear model results showing changes in fisher skull (condylobasal) length over time.
Sample sizes (n), model estimates (est.), standard error (SE) and P-values (P) indicated, with significant (P <
0.05; solid) and non-significant (dashed) trend lines.
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translocation efforts. However, the fishers range expansion in the Eastern and Central regions
appears coincident with reductions in the predator species richness and with reduced predator co-
occurrence, particularly within the southern extents of these regions, thus supporting our
predictions. Further, the relatively small amount of range expansion experienced by the
Northwestern fishers may support our predictions as these fishers currently have more range
overlap with their predator community than before. Thus, it appears that reductions in the
predator community are facilitating fisher population range expansion, particularly within the
southern extents of the Central and Eastern regions.

Released mesopredators are able to widen their dietary niche, allowing them to capitalize
on the now relatively more available food items, particularly large-bodied prey species (Moreno
et al. 2006). Consuming these larger-bodied prey species can facilitate range expansion for
fisher as these species provide more energy per unit of effort (Powell 1979) and can be cached
for future gains meals (Kuehn 1989; Powell 1993; Bowman et al. 2006; Hiiner and Peter 2012).
This is especially advantageous for dietary generalist, such as fishers, that are able to add large-
bodied prey species to their already general diets (McKinney and Lockwood 1999; Gehring and
Swihart 2003; Prugh et al. 2009; Clavel et al. 2010). The reduced predator community in the
Eastern region may be especially beneficial to the fishers in this region as they consume a
complimentary balance of food item diversity and larger-bodied prey, particularly rabbits and
other “large mammals”. Fishers elsewhere may be more restricted by their diets, as they are
either more specialized or contain only small amounts of larger-bodied prey species.

A mesopredator release can also affect body size or skull length increases in the
“released” species (Dayan and Simberloff 1994; Simberloff et al. 2000) as these larger

individuals can more efficiently kill larger prey species (Powell 1979) and are more able to

47



defend their cache from inter- and intra-specific competitors (Arnott and Elwood 2009).
Supporting this, the size of the released Eastern fishers has increased over time. Interestingly,
the skull size of female Northwestern fishers (who have experienced an increase in predator
overlap), has decreased significantly; Northwestern male fishers show a similar but non-
significant negative trend (P = 0.083). We believe these results are authentic and are not an
artifact of translocation efforts because the source population and destination for most
translocations (15 of the 17 Eastern and 5 of the 7 Northwestern translocations) were from within
the same region (Lewis et al. 2012). Unfortunately, our interpretation from the Pacific fishers is
limited due to the low number of recently collected specimens available to us, and we strongly
encourage the continued deposition of specimens to natural history museum collections.
Although our results are all correlational, all three analyses support the predictions of the
mesopredator release hypothesis, and the details suggest some insightful patterns. For example,
coyote co-occur with fisher nearly completely, but do not appear to greatly hinder their
populations given that both species have robust populations in the East (Kays et al. 2008).
Cougar populations however, were extirpated from the eastern half of North America (Kays and
Wilson 2010) yet co-occur with Pacific fisher completely, have expanded their Northwestern
range, and are reportedly the most documented predator of adult male fishers along the Pacific
coast (G.M. Wengert et al. in prep). These killings are not well predicted by the species relative
body sizes alone (Donadio and Buskirk 2006); however, cougars seem prone to interspecific
killings across their range: hog-nosed skunk (Conepatus humboldtii; Johnson and Franklin
1994), wolverine (Krebs et al. 2004), ocelot (Leopardus pardalis; Nufiez 1999), chulpeo fox
(Pseudalopex culpaeus; Novaro 1997), chilla fox (Pseudalopex griseus; Yafiez et al. 1986), and

gray fox (Urocyon cinereoargenteus; Logan and Sweanor 2001).
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FUTURE DIRECTIONS

We expect that numerous drivers are affecting the range expansion of fishers. For example,
translocation efforts should facilitate their range expansion, yet a rigorous effort to explain why
translocation efforts have been more successful in the east than in the west was inconclusive
(Lewis et al. 2012). Another consideration is the chronology and expansion of Euro-American
settlements across North America, as fisher populations in their eastern range may be receiving a
two-fold advantage from this temporal effect: more time for their forests to recover and mature
following reduced timber harvesting and agricultural abandonment, and more time for the fishers
themselves to adapt to human activities. Other potential explanatory factors lack the data to be
rigorously considered. For example, comparing fisher habitat selection preferences across their
range should be a priority, given the differences between the ecological landscape and current
land management regimes (Pimm and Askins 1995; Lofroth et al. 2010). However, doing so is
currently unfeasible due to the variety of methods used to record fisher presence/absence and to
quantify their habitat use and availability, and we encourage researchers to consider such issues
in future studies. Rodenticide poisoning is a threat to fishers in California (Gabriel et al. 2012),
yet has not been reported elsewhere (Stone et al. 1999), but clearly warrants direct future
investigation. Fisher conservation efforts could also benefit from long-term population
monitoring to determine survival estimates, and especially, mortality sources, and year-round
diet studies that avoid seasonal diet composition biases. Finally, and especially important given
our results, studying interactions between fishers and their co-occurring carnivore species will
provide direct information on potential mesopredator release effects, including food web

dynamics, resource partitioning, behavioural responses, and predator-prey dynamics.
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CONCLUSION

Mesopredator increases often have negative impacts on their ecosystems (Crooks and Soulé
1999; Prugh et al. 2009; Ritchie and Johnson 2009). Here, however, we present an example of a
once rare carnivore that is benefiting from the loss of its apex predators. The range expansion of
the eastern fisher is encouraging for conservation practitioners aiming to restore the fisher to its

previous range and highlights the importance of protecting species and their refugia over time.

ACKNOWLEDGEMENTS

We wish to thank the museum staff who kindly took condylobasal length measurements for this
manuscript: D. Bogan, J. Bopp, K. Cassidy, A. Crosby, J. Diaz, C. Epps, P. Holahan, L. Kennes,
M. Kimura-Sandoval, D. Oehlenschlager, J. Patton, C. Shores, and M. Wegan. We also thank
the Max-Planck-Institute of Ornithology, the National Science Foundation (Grant 0756920 to
RWK), and Mississippi State University’s Forest and Wildlife Research Center for funding
during this work. This manuscript benefited from conversations with D. Dechmann, R. Powell,

and K. Safi.

50



Appendix. Fisher specimens used in our body size analysis.

region era institution catalog # sex latitude longitude CBL  year
Pacific historic Smithsonian 87080 F 40.90085 -121.5 99 1897
Pacific historic Smithsonian 87081 F 40.80404 -121.632 100.1 1897
Pacific historic Smithsonian A24025 F 39.68805 -123.483 96.8 1889
Pacific historic Smithsonian 92113 F 46.07065 -121.521 103.04 1897
Pacific historic Smithsonian 63908 F 46.07065 -121.521 96.9 1894
Pacific historic Smithsonian 70541 F 46.07065 -121.521 100.66 1895
Pacific historic Smithsonian 108213 F 46.07065 -121.521 100.76 1901
Pacific historic Smithsonian 116481 F 46.07065 -121.521 96.45 1902
Pacific historic Smithsonian 116653 F 47.40637 -123.141 100.26 1901
Pacific historic Smithsonian 119957 F 47.42871 -123.367 102.82 1902
Pacific historic Smithsonian 119959 F 47.42871 -123.367 104.68 1902
Pacific historic Smithsonian 119960 F 47.42871 -123.367 100.53 1902
Pacific historic Smithsonian 170606 F 47.40637 -123.141 98 1907
Pacific historic Smithsonian 170607 F 47.40637 -123.141  103.9 1907
Pacific historic Smithsonian 170610 F 47.40637 -123.141 102.03 1909
Pacific historic Smithsonian 170611 F 47.40637 -123.141  99.42 1909
Pacific historic Smithsonian 170612 F 47.40637 -123.141 100.31 1909
Pacific historic Smithsonian 170613 F 47.40637 -123.141 101.15 1910
Pacific historic Smithsonian 170614 F 47.40637 -123.141 99.88 1910
Pacific historic Smithsonian 170615 F 47.40637 -123.141 96.2 1910
Pacific historic Smithsonian 170616 F 47.40637 -123.141 100.89 1910
Pacific historic Smithsonian 227118 F 40.56582 -122.908 99.2 1917
Pacific historic Smithsonian 76615 F 46.07065 -121.521 100.75 1896
Pacific historic Smithsonian 64759 F 46.07065 -121.521 98.88 1894
Pacific historic Smithsonian 69972 F 46.07065 -121.521 100.05 1894
Pacific historic Oregon State Uni. 1235 F 43.75014 -122.468 102.76 1913
Pacific historic Smithsonian 76616 F 46.07065 -121.521 104.34 1895
Pacific historic Smithsonian 87084 M 46.07065 -121.521 110.6 1897
Pacific historic Smithsonian 51270 M 37.2049 -119.246 116.4 1893
Pacific historic Smithsonian 52821 M 37.53688 -119.656 112.8 1893
Pacific historic Smithsonian 81094 M 36.48093 -118.619 114.3 1895
Pacific historic Smithsonian A30624 M 39.68805 -123.483 110.9 1889
Pacific historic Smithsonian 58109 M 42.73623 -123.423 109.11 1894
Pacific historic Smithsonian 64758 M 46.07065 -121.521 113.3 1894
Pacific historic Smithsonian 14395 M 40.79089 -121.847 114.8 1884
Pacific historic Smithsonian 24112 M 44,1722 -115.064 115 1890
Pacific historic Smithsonian 70927 M 46.07065 -121.521 110.62 1895
Pacific historic Smithsonian 70928 M 46.07065 -121.521 1104 1895
Pacific historic Smithsonian 77873 M 46.07065 -121.521 112.35 1896
Pacific historic Smithsonian 81843 M 46.07065 -121.521 110.65 1896
Pacific historic Smithsonian 81951 M 46.07065 -121.521 111.1 1896
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ABSTRACT

Tracking animal movement using Global Positioning System (GPS) technology is an
increasingly popular method for studying animal ecology, behavior, and conservation. To date,
most GPS location schedules have been set at regular intervals. If intervals are too long, they
under-sample the details of movement paths, and if too short, they oversample resting sites and
deplete the unit’s battery without providing new information. We address this problem by
creating a dynamic GPS schedule that is linked to the activity level of the animal via an
accelerometer onboard the tracking tag. We deployed traditional and accelerometer-informed
GPS tags on northern tamanduas anteater (Tamandua mexicana) in tropical forest in the
Republic of Panama (2009-2010), and on fisher (Pekania pennanti) in temperate forest in New
York, USA (2009-2011). These species are medium-sized forest-dwellers that frequently use
tree cavities, ground burrows, and thick vegetation for resting and foraging, all traits that make
them particularly challenging for GPS tracking. The accelerometer-informed tags performed
better than the traditional GPS tags: they attempted 73.6% more locations per day, achieved
61.7% higher location success rates, spent 28.2% less time searching for satellites, made 67.4%
fewer redundant location attempts in places where animals were inactive, and ultimately
provided more data for a given battery size. The resulting tracks of animal movement had high
temporal resolution, revealing aspects of their behavior and ecology that would have been missed
by traditional tags, especially for the fast-moving fisher. By dynamically linking the location
schedule to animal movement rate, accelerometer-informed GPS tags reduce the trade-off
between collecting detailed movement data and recording movement data for a longer period of

time.
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INTRODUCTION
The use of Global Positioning System (GPS) technology in wildlife research to address a variety
of basic and applied scientific questions is growing rapidly (Bograd et al. 2010, Cagnacci et al.
2010). Technological developments in the past decade have dramatically improved and
miniaturized GPS telemeters (tags), yet standard tags still consume considerable energy
acquiring each location, and so a basic trade-off between battery life and sampling intensity
remains (Hansen and Riggs 2008). Tags must be sufficiently lightweight and compact that they
do not affect animal behavior, which limits the initial power supply on all but the largest species
(Burdett et al. 2007). The fixed sampling schedule used by the vast majority of existing tags can
produce high resolution data (e.g., one location every 1-15 min) for a very short period of time
(hours to days, depending on battery size; Moreau et al. 2009, Recio et al. 2010) or lower
resolution data (e.g., 4-6 locations each day) for several months (Heard et al. 2008, Swanepoel et
al. 2010). In some tags, the GPS schedule can be adjusted by the researcher after tag deployment
and can, theoretically, optimize data collection during certain seasons or times of day
(Tomkiewicz et al. 2010). However, changes in sampling intensity must either be based on
previous knowledge of the species’ behavior or must be a reaction to a behavior change that has
already occurred in the field and, thus, are not always advantageous. Therefore, at least when
choosing the initial GPS schedule, most researchers must generally balance tag longevity with
data resolution.

Tags with long intervals between GPS location attempts will obviously under-sample the
actual path moved by an animal, providing less detail on their behavior and habitat use. Tags
with short intervals between GPS location attempts will record these movement details, but will

also effectively oversample areas where animals are resting, a waste of the device’s limited
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battery life (Adrados et al. 2003). Furthermore, GPS tags on resting animals often perform
poorly either because the animals cover the GPS antenna by lying down (Bowman et al. 2000,
Moen et al. 2001) or because they are resting in locations with poor satellite reception due to a
dense forest canopy (Bourgoin et al. 2009) or other physical cover (e.g., subterranean dens or
tree cavities; Swanepoel et al. 2010). This issue is especially critical for smaller animals that
must carry a correspondingly smaller battery, and are, therefore, a priori more limited in the total
number of GPS location attempts, and are even more likely than large animals to rest in refuges
with little chance of satellite reception (Liow et al. 2009, Blackie 2010). The microprocessors
inside most GPS tags, including those used in the present study, can conserve battery life by
aborting the location attempt if no satellites have been found within a specified period (i.e., time-
out or search time). Nevertheless, selecting shorter time-out periods to preserve battery life
increases the rate at which the tag will abandon location attempts in sites of biological
importance (feeding sites, territorial boundaries, etc.) due to temporary inaccessibility of
satellites (Mattisson et al. 2010). Here we introduce a dynamic GPS location schedule that

is synchronized with an accelerometer (ACT) activity sensor in order to obtain fine-scale
location data when an animal is moving and minimize excessive location attempts while an
animal is resting. This solution lessens the trade-off between power and longevity, while
simultaneously reducing data loss. We present the accelerometer-based GPS scheduling

rules and compare the performance between accelerometer-informed GPS tags and traditional
GPS tags deployed on free-ranging fishers (Pekania pennanti) and northern tamandua anteaters

(Tamandua mexicana).
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STUDY AREAS

We deployed tags on northern tamanduas and fishers located at two separate study sites: northern
tamanduas in the Republic of Panama and fishers in New York, USA. We tracked tamanduas on
Barro Colorado Island (BCI, 9°9’ N, 79°51’ W), a 15.6-km? hilltop island in Gatun Lake, formed
by the damming of the Chagres River that created the Panama Canal. The island had a broad,
flat central plateau with steep ridges and valleys (20-30° slopes). The vegetation was closed-
canopy lowland tropical moist forest (Dietrich et al. 1982). We tracked fishers in suburban
forests around Albany, New York (42°45 ' N, 73°51' E), a relatively flat 350-km? developed
area, with a matrix of residential and commercial land uses, interspersed with mixed and

northern deciduous and coniferous forest patches.

MATERIALS and METHODS

Study species, capture protocols, and tag attachment

Northern tamanduas are 4-6-kg, semi-terrestrial, ant- and termite-eating mammals distributed
across a wide range of landscapes in Central and northwestern South America (Eisenberg 1989).
They can be active throughout the 24-hour period (Montgomery and Lubin 1977) and may rest
on the ground, in burrows or logs, on large tree limbs, or in tree cavities and tangles of vines
(Emmons and Feer 1990). On BCI, we captured tamanduas by hand or with a dart rifle and net
between April 2009 and April 2010. All capture, tagging, and monitoring protocols were
approved by the University of California, Davis and the Smithsonian Tropical Research Institute
Institutional Animal Care and Use committees (IACUC). We fitted 7 male and 8 female

tamanduas with identical 60-g tags (63 mm x 70 mm x 13 mm) that we affixed to their lower

66



back using 5-minute epoxy. Tags remained deployed for an average of 13.4 days (range: 6-20).
Tamanduas groomed off 13 of 15 tags before the batteries were depleted.

Fishers are medium-sized (2.0-5.5 kg) carnivores native to the northern forests of North
America. They are generally active during both day and night and often use tree cavities,
large branches, or vacant burrows for resting (Powell 1993). We captured fishers with live traps
during 3 winters (November — March) between 2009 and 2011. Fisher capture and handling
protocols were approved by the IACUC at the Max-Planck-Institute for Ornithology. We fitted
8 male and 4 female fishers with tracking collars, for an average tag deployment of 19.8 days
(range: 4.1-49.8). The GPS unit dimensions for fisher collars were 50 mm x 25 mm x 18 mm,
and male collars weighed 105 g with a 30-mm x 55-mm battery unit, while female collars
weighed 65 g with a 20-mm x 54-mm battery unit. Following release, we regularly located
individuals of both species using ultra-high frequency (UHF) radio tracking, so that the GPS data
could be remotely downloaded. We calculated GPS location error using a large sample average
from stationary deployment tests (fisher and northern tamandua) and immobile study animals

(northern tamandua).

Tag details

All tags were manufactured by e-obs GmbH (Griinwald, Germany) and contained an identical
GPS microchip (U-Blox LEA-4S), a UHF radio transmitter, and a tri-axial accelerometer. We
compared the performance of 2 types of tags: one with a fixed GPS schedule typical of
traditional wildlife studies (hereafter, fixed-GPS), and another with a GPS schedule dynamically

linked to the activity of an animal as measured by the accelerometer sensor on the tag
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(accelerometer-informed GPS; hereafter, ACTi-GPS). We deployed 4 ACTi-GPS and 11 fixed-
GPS tags on northern tamanduas and 6 ACTi-GPS and 6 fixed-GPS tags on fishers.

Tri-axial accelerometers (ACT) simultaneously measure the pull of gravity (g) and
accelerations due to changes in animal movement along 3 orthogonal axes: forward—
backward horizontal motion (X-axis), left-right horizontal motion (Y-axis), and up—down
vertical movements of the body (Z-axis). An accelerometer is a piezoelectric sensor (like a
spring). When deformed, the sensor generates a wave-like voltage signal, measured in
millivolts, that is proportional to the acceleration (change in velocity) it experiences (Dow et al.
2009). The raw output of an accelerometer is a unit-less ratio of the voltage due to acceleration
and an internal reference voltage. This ratio can be transformed into acceleration (m/sec?) once
tag measurements have been calibrated (further details are provided in the technical manual
available from e-obs at http://www.e-obs.de). For this study we utilized these raw voltage
measures and did not convert the raw accelerometer output to actual acceleration (m/sec?).

The accelerometers in both tag types did not record constantly, but were scheduled to
record at 18.74 Hz in a short (3.5-sec) burst every 2 minutes or 3 minutes (see Table 1 for exact
settings). This sampling frequency produced a population of 66 accelerometer measurements for
each 3.5-second burst. In active animals, the values of these measurements are highly variable,
while the measurements of resting animals show little variability (Shepard et al. 2010). The
microprocessor in both types of tags can calculate the statistical variance of the measurements
from each burst (i.e., the population variance). For each species, we used behavioral
observations made during previous tag deployments to determine typical burst-variance values
for 3 activity levels: resting, medium-, and high-intensity activity (Fig. 1). This pilot data

showed similar variance patterns across all 3 ACT axes, so we used a single axis (X-axis for
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Figure 1. Pilot accelerometer burst-variance data from accelerometer-informed (ACTi) Global Positioning
System (GPS) tags deployed on 5 northern tamanduas in the Republic of Panama, 2009-2010. The burst
variances of known behaviors (from visual observations of locomotion, feeding, and resting) were compared to
identify the variance thresholds for changing between GPS location schedules. Note the differences in scale of
the y-axes between the 3 graphs. Maximum and minimum variance values for each category are designated
with an asterisk and X, respectively. Boxes demarcate 75%, 50%, and 25% of the variance data in each
category, respectively. Upper and lower whiskers demarcate 95% and 5% of the variance data in each category,
respectively. The threshold to switch from the low to medium resolution schedule was 200 (dashed line on
right-hand side graph). The threshold to switch from the medium to the high resolution schedule was 10,000
(dashed line on center graph).
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Table 1. Programmed settings of fixed-Global Positioning System (GPS) and accelerometer-informed (ACTi)
GPS tags deployed on northern tamanduas in the Republic of Panama (2009-2010) and on fishers in New York,
USA (2009-2011). All units are seconds unless otherwise specified. Global Positioning System time-out is the
amount of time a unit was programmed to spend attempting to acquire a location before giving up.

Northern tamandua fisher
Fixed-GPS ACTI-GPS Fixed-GPS ACTIi-GPS
ACT sampling frequency interval 120 120 180 180
ACT sample rate/axis (Hz) 18.74 18.74 18.74 18.74
GPS sampling frequency Fi_xed schedqle 900 N/A 600 N/A
(location schedule) ngh_ resolutlon_ N/A 300 N/A 120
Medium resolution N/A 900 N/A 600
Low resolution N/A 4000 N/A 3600
GPS time-out 100 100 100 or 120 100 or 120
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tamanduas, Z-axis for fishers) to identify 2 variance thresholds that delineated the 3 activity
levels (Table 2).

We programmed the tag’s microprocessor to first calculate the variance of each
accelerometer burst in real time and then relate this to a customized rule set to dynamically
modify the GPS location attempt schedule. Simply, after calculating the population variance of
each ACT burst, the onboard computer determined whether the variance values of a specified
number of consecutive previous bursts (see Table 2) warranted a change in the GPS schedule
from the schedule that was currently activated. The ‘‘default’” GPS schedule in ACTi-GPS tags
is the medium-resolution setting (Tables 1 and 2) and the decision to change schedules is based
on whether variance values are above or below the low and high thresholds (Table 2). For
example, in the tag settings for the northern tamanduas, a change from the medium- to the high-
resolution schedule required only that the variance of the immediately preceding ACT burst
be above the high threshold. At the next ACT sampling period, 120 seconds later, the algorithm
would determine whether the variance values of the previous 3 bursts (180 sec) were below the

high threshold; if not, the schedule would remain at high resolution until the next ACT sampling

Table 2. Thresholds and rule sets for the accelerometer-informed Global Positioning System (ACTi-GPS) location
attempt schedule, as deployed on northern tamanduas in the Republic of Panama (2009-2010) and on fishers in New
York, USA (2009-2011). The tag’s microprocessor determines the population variance of each ACT burst and
compares the value to 2 threshold values (high and low) delineating 3 categorical activity levels: low (resting),
medium, and high. The medium-intensity activity category includes all ACT variance values that fall between the
resting threshold and the high-intensity activity threshold. After the variance calculation, the microprocessor
follows user-programmed rules to count the number of preceding consecutive bursts whose variance values were
above or below the thresholds and determine whether to change the GPS location schedule from the current
resolution.

Rule set: no. of bursts that must pass a threshold to

thresholds trigger a change in GPS location schedule
low-intensity  high-intensity ~ medium to low to medium to high to
(resting) (active) low medium high medium
Northern tamandua <200 > 10000 5 2 1 3
fisher < 6400 > 48400 5 2 1 4

70



period and the decision algorithm would be run again. Therefore, changes in the GPS schedule
were assessed over 1-5 ACT sampling intervals (120-600 sec) for northern tamanduas. Based on
our rule sets, the location schedule for ACTi-GPS tags could be as short as an attempt every 120
seconds or as long as an attempt every 4,000 seconds. In contrast, we programmed the fixed-
GPS tags to attempt a location every 600 or 900 seconds (Table 1). Both tag types also had a
programmed time-out period (the amount of time the GPS would try to achieve a location before

abandoning the attempt; Table 1).

RESULTS

Tag performance

Accelerometer-informed-GPS tags performed better than the traditional fixed-GPS tags in every
performance category (Table 3). Accelerometer-informed-GPS tags improved the proportion of
successful locations by an average of 62% across both species, and reduced the average time
used to acquire a location by 39%, thus greatly improving the overall power efficiency of the
tags. They also achieved more locations per day with a lower mean search time per location
attempt. More locations were recorded during periods of activity; therefore, ACTi-GPS tags
provided more accurate and realistic animal movement paths (Figs. 2 and 3) while reducing

the amount of redundant information acquired by minimizing the number of locations attempted
on resting animals.

Animal movement

Location data from a single fisher wearing an ACTi-GPS tag revealed several potential
exploratory events (Fig. 2A, box 3), as well as movement bottlenecks (road crossing) and

apparent movement corridors through habitat (Fig. 2A, box 2). Contrasting the movement path
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Table 3. Performance comparison between fixed-Global Positioning System (GPS) and accelerometer-informed
GPS (ACTIi-GPS) tags deployed on northern tamanduas in the Republic of Panama (2009-2010) and fishers in New
York, USA (2009-2011). Improvement of ACTi-GPS over fixed-GPS tags was tested with the Mann—-Whitney
statistic by combining sample sizes across both species (P values are one-sided).

Northern tamandua fisher improvement
fixed-GPS ACTI-GPS fixed-GPS ACTI-GPS
(N=11) (N=4) (N=6) (N =6)
Evaluation category x SD x SD x SD x SD % test statistic
Days deployed 13.5% 34 13.0* 6.1 12.6 6.5 26.2 12.8 55.6 1.88*
GPS attempts/day 94 25 117 134 134 21.1 235 27.1 73.6 3.24%**
GPS success rate (%) 29.8 14.2 49.1 11.8 45 17.3 62 13.8 61.7 2.74**
Time until successful GPS location(s) 55 5.7 46 4.7 41 2.7 20.3 7.7 38.9 -3.14%**
GPS search time/attempt(s) 86 74 71.8 9 79.6 131 52.4 104 28.2 -3.59%**
GPS location error (m) 19.2 8.3 17.9 3.6 20.9 23.5 N/A"  N/A® 129  -0.424
GPS success rate (%) during activity 12.7 7.4 41 12.3 20.3 7.9 54.5 10.1 219.4  4.19***

& Thirteen of 15 tamandua tags were groomed off before the battery expired, regardless of tag type.
> GPS location error was not tested in ACTi-GPS tags prior to deployment; no error estimate is available.
P <0.05 (*), P <0.01 (**), P <0.001 (***)

drawn from the full set of locations with a subsampled data set representing lower intensity
fixed-GPS schedules (Fig. 2B, C) highlights events that would otherwise be under- or over-
emphasized by lower intensity sampling. As the sampling interval increases (i.e., more time
between successive GPS location attempts), the paths to the exploratory events (Fig. 2A, box 3)
gradually disappear, including the actual events themselves, even though the site was visited
twice by the fisher (Fig. 2B, C). The movement corridors are obvious in the detailed data, but
become less so with the subsampled data (Fig. 2C). Simultaneously, some landscape features
were overemphasized in the subsampled data, as shown by what appears to be directed
movement toward a pond (box 1) in Figure 2B and C. The full location data set (Fig. 2A, box 1)
suggests that this animal actually did not move within 100 m of this pond.

Similar behavioral details were captured for a northern tamandua wearing an ACTi-GPS
tag, indicating rich feeding areas as dense point concentrations (boxes in Fig. 3A). With visual
observations we confirmed that high GPS-point concentrations were produced by animals

feeding from several locations within the same tree. This concentrated use of an area was not
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apparent when location sampling intensity was typical of traditional fixed GPS schedules, as

indicated by the subsampled data (Fig. 3B).

DISCUSSION
Improvements in GPS hardware technology continue to change the way we investigate
ecological questions (Cagnacci et al. 2010). Our implementation of an accelerometer-informed
GPS location schedule offers a significant software-based improvement in GPS performance,
providing new, ecologically relevant data on animal movement and habitat use. This simple
algorithm offers a partial solution to the trade-off between the longevity and sampling intensity
of the tag (Burdett et al. 2007, Recio et al. 2010). The use of accelerometers as an activity sensor
on animal tags is increasingly common (Wilson et al. 2008, Halsey et al. 2009), and the
algorithm we developed is simple enough to run onboard most tracking devices, making our
general approach broadly applicable.

By programming the acceleration sensor to dictate the location attempt schedule of the
GPS, we were able to dramatically increase both the rate and success of GPS location attempts
during animal activity, while also decreasing both the time spent acquiring each location and the
battery power wasted on attempts with a high probability of failure (i.e., during inactivity; Table
3). In both types of telemetry tags used in this study, each burst of tri-axial ACT measurements
required only approximately 3.5 seconds and consumed 1 mA of battery current/second. In
contrast, a successful GPS location attempt utilized 43 mA/second and required >20 seconds for
satellite and location acquisition. Therefore, acceleration variance implemented as a trigger for
adjusting the GPS schedule in ACTi-GPS tags is a low power method of reducing energy use of

animal-borne tags in real time. These improvements are particularly important for species such
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as the fisher, for whom high movement rates and habitats with forest canopy cover are known
hindrances for consistent GPS satellite access (Moen et al. 1996, Graves and Waller 2006,
Hebblewhite et al. 2007). In tropical forests, the canopy can be so thick that GPS location
success rates can be exceptionally low (1-3%; Rumiz and Venegas 2006) unless the tags
incorporate proprietary software, which also requires some data to be discarded (Tobler 2009).
Our ACTI-GPS tags ameliorate the location success rate under tropical forest canopy (being
successful in up to 64% of attempts), while providing more data per location (in the form of
animal activity level). Given the high cost of GPS tracking tags in general, combined with the
cost and stress of animal capture, improved tag performance increases the benefit-to-cost ratio
for researchers considering GPS tracking of wildlife.

Many studies have indicated the need for greater understanding of the effects of animal
behavior on GPS tag performance (Bowman et al. 2000, Mattisson et al. 2010), and GPS
research is particularly scarce for small and medium-sized mammals (Recio et al. 2010). Indeed,
the relationship between GPS location success and animal activity (Moen et al. 2001, Bourgoin
et al. 2009) and body position (D’Eon and Delparte 2005, Graves and Waller 2006) has
previously been reported for only a few species. In our study, we believe the low location
sites, as well as a habit of sleeping with their backs (tags) up against tree trunks or facing the
ground (as indicated by the gravitational force recorded by the ACT when animals were
motionless). Although a single ACT axis was sufficient to schedule the GPS and distinguish
activity from rest, the patterns of acceleration on all 3 axes enabled us to assess body orientation

and the occurrence of specific behaviors, such as feeding, at each burst (Brown 2011). The

potential for tri-axial ACT sensors to classify animal behavior in more detail (Shepard et al.

2010) should make it possible to better relate animal behavior to GPS performance in the future.
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Figure 2 (right). High-resolution movement path (A,
black lines) of a single fisher, recorded in 2010 with an
accelerometer-informed (ACTi)-GPS tag near Albany,
New York, USA. We also depict the movement path
of the same data subsampled at either 1-hour (B) or 6-
hour (C) intervals. More frequent locations recorded
during activity reveal a more realistic movement path,
as well as both overemphasized behaviors (indicated
by pond visitation rate, box 1) and under-emphasized
behaviors (indicated by an apparent movement
corridor, box 2, and exploratory behavior, box 3).
Roads are indicated by gray lines and water is
indicated by gray fill.

Figure 3 (below). Locations of a northern tamandua on
Barro Colorado Island, Panama, recorded in 2010 with
an ACTIi-GPS tag every 5 minutes when the animal
was active (A). Boxes mark rich feeding areas as
indicated by concentrated locations. Lower resolution
location data (B, 1 hr) would fail to identify one of
these rich feeding areas (in the top box). Total elapsed
time for the locations is approximately 8 hours. Water
is indicated by gray fill.

A Active locations: 5 min
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Although the ACTi-GPS tags return very detailed data, the time interval between
successful locations can vary dramatically and short intervals produce locations that are
autocorrelated, which may violate assumptions of some analytical methods (Worton 1989, Horne
et al. 2007). A simple approach would be to use the most detailed data for appropriate analyses
and inferences, and down-sample the full data set when needed for specific analyses. However,
we also note that the detailed data provided by modern GPS tracking studies are also driving the
development of new analytical tools, which are not restricted by assumptions of temporal

independence or regular fix intervals (Fieberg et al. 2010).

MANAGEMENT IMPLICATIONS

Previous authors have questioned the practical value of the high-intensity location sampling
possible with modern GPS units (Hebblewhite and Haydon 2010). In our study, high-intensity
sampling provided a markedly more realistic depiction of the movement paths of both species
within a short period of time. Rare and short-lived behaviors, such as the exploratory events and
culvert use seen in the fisher (Fig. 2A), were only visible at high sampling rates. Common
behaviors in the tamanduas (feeding bouts concentrated at a single location) are underestimated
at lower sampling rates (Fig. 3B). Furthermore, intensive sampling permitted estimation of
home range size for tamanduas (Brown 2011), which might not have been feasible with less
frequent location attempts given that anteaters removed the glue-on tags after only 2—-3 weeks,
similar to other species that cannot be collared (Holland et al. 2009). Therefore, high-intensity
GPS sampling becomes more valuable and may be the only option for determining habitat use by

animals that are difficult to attach a tag to for longer periods of time.
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As animals are faced with increasingly fragmented landscapes, managers need an
adequate understanding of the “‘local essential resources’” and how they are used by individuals
(Nielsen et al. 2002). Accurately identifying both barriers to and corridors for animal movement
is equally critical. For species that exist naturally at low densities and are difficult to observe,
high-resolution behavioral data, even from a few individuals, can reveal essential information for
conservation planning and management interventions. Global Positioning System units remain
relatively expensive; therefore, every effort must be made to get the most information possible
from each deployed unit. Furthermore, as scientists, we are ethically bound to minimize the
stress animals endure during capture and handling, as well as the burden of carrying tracking
tags. Accelerometer-informed GPS tags can lessen these burdens because they necessitate fewer
and shorter deployments by providing more information for a given deployment period than a
fixed-GPS tag would. By dynamically linking the location schedule to animal activity rates,
accelerometer-informed GPS tags reduce the long standing trade-off between more intensive

data collection and longer data collection periods.
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ABSTRACT

Urbanization is challenging many species to adapt their behaviors in order to survive. One
mechanism for doing so is to shift the timing of one’s activities. We deployed GPS-tracking
collars containing accelerometers on free-ranging fishers (Pekania pennanti) in a developed
landscape near Albany, New York, USA. Overall dynamic body acceleration data suggests that
our fishers are nocturnal and have two activity peaks, one following sunset and the other prior to
sunrise. We investigated whether fishers were responding to daylight or human activity (i.e.,
automobile traffic volume), by comparing their activity patterns on weekdays versus weekends.
Traffic volume patterns differed between our urban and wild study areas and between weekdays
and weekends within study area, with urban traffic volume peaks occurring earlier on weekdays
than weekends. Fishers appeared to respond to this earlier traffic volume peak on weekdays by
ceasing their activity earlier on weekdays than on weekends. Although preliminary, our results
suggest that fishers are facilitating their survival within this urban landscape by adapting the

timing of their activity to daily fluctuations in automobile traffic volumes.

INTRODUCTION

Mammals have evolved activity patterns to facilitate their survival. These patterns arise in
response to biotic factors, such as food availability and mortality sources (Ashby 1972; Zielinski
et al. 1983; George and Crooks 2006), and abiotic factors such as ambient temperature and light
(Beier 2006; van der Merwe et al. 2011). Sunrise and sunset trigger the onset or end of activity
for many species (Daan and Aschoff 1975; Halle and Stenseth 2001), however artificial lighting
at night and other human activities can affect changes in the activity patterns of mammals within

urban areas (Longcore and Rich 2004; Beier 2006). Our understanding of these affects is
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limited, especially for carnivores, due to limitations in our ability to quantify activity in free-
ranging individuals and to a lack of experimentally designed studies (Beier 2006).

The fisher (Pekania pennanti, formerly Martes pennanti) is a medium-sized (females 2.0
— 2.5 kg; males 3.5 — 5.5 kg) carnivore native to the northern forests of North America. Fishers
experienced significant range contractions following the Euro-American colonization of North
America and their range remains restricted within their western range (Lewis et al. 2012).
However, they are expanding their eastern range, recently even colonizing previously assumed
unsuitable habitats including suburban New York (LaPoint et al. 2013). Fishers are thought to
be active both day and night within forested habitats (Leonard 1980; Powell 1993; Weir and
Corbould 2007), yet nothing is known of their activity patterns within a developed landscape.
Given the increasing anthropogenic pressures on wildlife and their habitats, a better
understanding of the activity patterns of a once imperiled carnivore inhabiting a novel, developed
landscape could assist conservation efforts.

Until very recently, obtaining continuous activity data on free-ranging animals has been
difficult. Previous efforts to characterize fisher activity have employed anecdotal sightings,
snow tracking, or fluctuations in the radio signal strength from fisher-borne very-high-frequency
(VHF) radio tracking collars (Leonard 1980; Powell 1993; Weir and Corbould 2007). Although
these efforts have provided valuable insight into the ecology of fishers, these insights are limited
by the resolution and comparability of their data. Recent technological improvements in
biotelemetry however, including the incorporation of onboard acceleration recorders (i.e., tri-
axial accelerometers) into tracking collars, are improving our ability to record the activities and

behaviors of free-ranging animals (Brown et al. 2012; Nathan et al. 2012; Krop-Benesch et al.
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2013). Animal activity can now be recorded continuously, objectively, and remotely for long
periods of time, providing unique and unparalleled insight into animal behavior.

In this study, we present daily activity patterns of free-ranging fishers. As fishers are
thought to be active throughout the 24-hour period, we hypothesized that fishers within a
developed landscape would avoid human activities by adapting a nocturnal activity pattern
whereas fishers experiencing less human disturbance ought to be active throughout the 24-hour
period. We tested this hypothesis by comparing the activity of fishers within a developed to a
natural landscape. To determine whether fishers were responding to light-dark cycles or to
human activity, we compared automobile traffic volume patterns on weekdays to weekends,
predicting that fishers would respond to lower traffic volumes on the weekend by remaining
active longer into the day. We expect our efforts to provide insight into the ecology and

adaptability of a carnivore inhabiting a developed landscape.

METHODS

We recorded acceleration on free-ranging fishers within two separate study areas. One area was
the suburban forest patches near Albany, New York, USA (42.765 N, -73.881 E) (herein referred
to as the “urban” study area), a relatively flat (<100 m change in elevation) 350-km?® matrix of
residential and commercial land uses, interspersed with mixed and northern deciduous forest
patches. The road density in this area is 4.77 km/km? (New York State Office of Cyber Security
2006) with a human population density of 438 persons/km? (US Census 2008). This area is
highly fragmented by roads and development to where eight of our nine fishers in this area had
ranges (dynamic Brownian bridge movement model utilization distribution; Kranstauber et al.

2012) that included multiple disjunct habitat patches (i.e., forest patches separated by roads,
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unsuitable land cover, or other anthropogenic structures) that individuals regularly moved
between (LaPoint et al. 2013). The other study area (herein referred to as the “wild” study area)
was nearby (30 km) at Grafton Lakes State Park a 9.5 km? landscape of mostly contiguous forest
of deciduous and coniferous tree species, with recreation trails and a few gravel roads (LaPoint et
al. 2013).

Acceleration was recorded via tri-axial accelerometers onboard GPS tracking collars (e-
obs GmbH; Grinwald, Germany) deployed on free-ranging fishers. The accelerometers
simultaneously measure the pull of gravity (g) and acceleration (millivolts) due to changes in the
animal’s motion along 3 orthogonal axes: forward—backward horizontal motion (X-axis), left—
right horizontal motion (Y-axis), and up—down vertical movements of the body (Z-axis) (Dow et
al. 2009). The data output for an accelerometer is a unit-less ratio of the voltage due to
acceleration and an internal reference voltage, i.e., a reference value indicating no motion. The
accelerometer was scheduled to record at 18.74 Hz in a short (3.5-sec) burst every three minutes
continuously, producing 66 accelerometer measurements per burst. We calculated overall
dynamic body acceleration (ODBA; Wilson et al. 2006) per accelerometer burst, by first
calculating the mean accelerometer value per burst, per axis. We then subtracted this mean value
from each measurement, per burst, per axis, and sum these differences per axis. Lastly, ODBA
is the sum of the absolute values of the sums of each axis, per burst (see Wilson et al. 2006).
Increasing activity yields increasingly higher ODBA values relative to inactivity (Shepard et al.
2010). We excluded acceleration data collected prior to the end of the first 24-hour period post-
release of the tagged fisher to account for potentially atypical behaviors during the animal’s

recovery.
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We compared fisher activity patterns to automobile traffic patterns within our study
areas. Traffic volume was recorded as counts per 15 minutes within our study area from 2008—
2011 (New York State Department of Transportation 2012). We only included traffic volume
data from road segments that transected or were within 200-m of a fisher’s utilization
distribution. We calculated mean traffic volume per 15 minutes for weekdays (i.e., Monday —
Friday) and weekends (i.e., Saturday — Sunday). We obtained sunrise and sunset data for our
study areas from the Astronomical Applications Department of the US Naval Observatory

(2011).

RESULTS

We recorded the activity of nine free-ranging adult fishers (6 male, 3 female) within our urban
study area and two adult male fishers within our wild study area, for an average of 26 days
(range: 9.2-70.4 days) during the months of December — May (Table 1). Urban and wild fishers
are both mostly inactive during the day, but are active at night with two activity peaks (Figure 1
and 2). The onset and cessation of activity differs between study areas (Figure 2). Urban fishers
appear to begin their activity later than fishers within the wild area, but cease their activity before
fishers within the wild area, ultimately shortening their duration of activity (Figure 2).

Traffic volume patterns differ between study areas and between weekdays and weekends
within both study areas (Figure 3). On weekdays in the urban study area, traffic volume peaks at
08:00 with 234 automobiles per 15 minutes, whereas weekend traffic volume peaks later at 14:00
with 177 automobiles per 15 minutes (Figure 3). The weekend traffic volume at the mean
cessation of urban fisher activity is 69% less than on the weekday (weekday = 137, weekend =

43). Traffic volumes within the wild study area are overall much lower than within the urban
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Table 1. Activity was recorded for eleven free-ranging fishers between December and May.

site

deployment start

deployment end

duration

id sex
bob male
klause male
leroy male
lucile female
lupe female
maurice  male
phineas male
potato male
price male
ricky male
Zissou female

urban
urban
urban
urban
urban
urban
urban

wild

wild
urban

urban

03/09/2011 14:09
12/24/201016:15
2/11/2009 17:00
2/12/2011 15:01
12/17/201016:12
2/11/201121:48
1/20/2011 21:48
3/18/2011 18:42
12/5/2009 14:12
2/10/2010 16:48

1/22/2011 18:24

03/18/201119:27
1/11/2011 4:39
3/4/200912:24
3/2/201122:00
1/4/20112:45
3/7/20116:51
2/11/2011 2:37
5/28/2011 5:13
12/29/20092:12
4/1/20101:20

2/6/201121:43

9.22
17.52
20.81
18.29
17.44

23.38

70.44

23.50

49.36

15.14

area, with similar traffic volume patterns on weekdays as on weekends (Figure 3). The weekday

traffic volume peak within the wild study area is less than the weekend peak, but occurs

approximately 30 minutes earlier than the urban traffic volume peak (Figure 3).

It appears that urban fishers are responding to human traffic by ceasing their activity 30

minutes earlier in the day on weekdays to avoid the automobile traffic volume peak that occurs

earlier during the day on weekdays compared to weekends (Figure 4). However, the earlier

weekday traffic volume peak does not appear to affect a change in the cessation of wild fisher

activity (Figure 4). These fishers do however appear to delay the onset of their activity on

weekends, possibly in response to longer periods of human recreational activities (Figure 4).

DISCUSSION
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Figure 1. Boxplots of overall dynamic body acceleration (y-axis) per 24-hour period (x-axis) indicating the daily activity
patterns of eleven free-ranging fishers. Letters indicate study area (U = urban, W = wild) and sex (F = female, M = male).
Dashed vertical lines indicate sunrise (left) and sunset (right).
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Automobile traffic appears to affect the onset and cessation of activity in urban fishers. Fishers
in both the wild and the urban study areas were active at night with activity peaks before and
after sunrise and sunset, respectively. However, by comparing activity and traffic patterns on

weekdays and weekends, we were able to determine that fishers within the urban area are

Figure 2. Overall dynamic body acceleration (y-axis) per 15 minutes (x-axis) for urban (top) and wild (bottom)
fishers per 24-hour period, with outliers (black dots). Dashed vertical lines indicate sunrise (left) and sunset (right).
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Figure 3. Median weekday (grey boxplots) and weekend (white boxplots) automobile traffic volume per 15
minute period for the urban (top) and wild (bottom) study sites. Red lines connecting medians for
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responding to daylight and also automobile traffic. This is further supported as the fishers within

the wild study area appear to remain active longer into the day than do urban fishers, suggesting

that urban fishers cease their activities in response to increased automobile traffic rather than
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sunrise alone. These observations suggest that urban fishers are actively avoiding human
activity.

The nocturnal behavior of our fishers is not well predicted by previous work nor by
hypotheses on thermodynamics. Previous work suggests fishers are typically active in bouts of 2
— 5 hours, followed by extended periods of rest (Powell 1993). However the timing of these
activity bouts varies across studies: nocturnal (de Vos 1952; Coulter 1966), crepuscular (Kelly
1977; Johnson 1984; Arthur and Krohn 1991; Powell 1993), or diurnal (Weir and Corbould
2007). Further, the fisher’s long, slender body shape makes thermoregulation challenging
(Brown and Lasiewski 1972), thus their nocturnal activities should be even more challenging
given night ambient temperatures are typically lower than during the day (Weir and Corbould
2007). It is however possible that our observed fisher activity patterns are a result of the fishers
hunting the two largest components of their diet within the urban study area: eastern grey
squirrel (Sciurus carolinensis) and cottontail rabbits (Sylvilagus floridanus) (LaPoint,
unpublished data). Fisher activity may be coincident with the crepuscular (Thompson 1977) and
nocturnal (Nowak and Paradiso 1983) activities of these two prey species, thereby maximizing
their encounter rates (Kamil et al. 1987). However, as the fishers within the urban and wild
study areas would presumably employ similar foraging strategies and that the urban fishers
demonstrated a response to automobile traffic whereas fishers within the wild study area did not,
we believe that the activity patterns of our urban fishers is not a response to prey availability, but
is to automobile traffic.

Energy balances for fishers are crucial due to their body shape and poor fat storage
capacities (Harlow 1994), thus anthropogenic disturbances ought to be especially challenging for

this species. However, our study shows that these fishers have adapted their behaviors to inhabit
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an anthropogenic, developed landscape. If these fishers can avoid high traffic volumes, they

may receive the additional benefits of a reduced predator community and a reduced risk of being

Figure 4. Overall dynamic body acceleration (y-axis) on weekdays (grey boxplots) and weekends (white boxplots)
per hour (x-axis) for urban (top) and wild (bottom) fishers per 24-hour period, with outliers in (black dots). Dashed
vertical lines indicate sunrise (left) and sunset (right).
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road-killed (LaPoint, unpublished data). Understanding how fishers respond to human activities
can better inform conservation efforts directed toward fishers elsewhere and carnivore species in

general.

CONCLUSIONS

The activity pattern of a species is an adaptation to its environment, thus to survive within a
novel environment, an individual must adapt its activity pattern accordingly. Urbanization is
rapidly producing novel environments to many species across the globe, challenging species to
either evolve or go extinct (Grimm et al. 2008). Advances in biotelemetry are facilitating our
investigations into the activity patterns of free-ranging animals and allow us to quantify how
species are adapting to the challenge of urbanization (Shochat et al. 2006). Our use of
accelerometers allowed us to record high-resolution activity data on free-ranging fishers within a
developed landscape and to document an apparent adaptation to human activity. Although our
sample size is small, our study is novel as it offers preliminary evidence of a once rare carnivore
adapting its daily activity patterns to facilitate its survival within a developed landscape. Future
work should explore the variability between and within individual activity patterns and to
consider development continuum rather than direct one to one comparisons. The rapidity of
global urbanization and its threats to biodiversity conservation highlight the urgent need for an

improved understanding of the adaptability of wildlife.
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ABSTRACT

Corridors are popular conservation tools because they are thought to allow animals to safely
move between habitat fragments, thereby maintaining landscape connectivity. Nonetheless, few
studies show that mammals actually use corridors as predicted. Further, the assumptions
underlying corridor models are rarely validated with field data. We categorized corridor use as a
behavior, to identify animal-defined corridors, using movement data from fishers (Martes
pennanti) tracked near Albany, New York, USA. We then used least-cost path analysis and
circuit theory to predict fisher corridors and validated the performance of all three corridor
models with data from camera traps. Six of eight fishers tracked used corridors to connect the
forest patches that constitute their home ranges, however the locations of these corridors were
not well predicted by the two cost-based models, which together identified only 5 of the 23 used
corridors. Further, camera trap data suggest the cost-based corridor models performed poorly,
often detecting fewer fishers and mammals than nearby habitat cores, whereas camera traps
within animal-defined corridors recorded more passes made by fishers, carnivores, and all other
non-target mammal groups. Our results suggest that (1) fishers use corridors to connect disjunct
habitat fragments, (2) animal movement data can be used to identify corridors at local scales, (3)
camera traps are useful tools for testing corridor model predictions, and (4) that corridor models
can be improved by incorporating animal behavior data. Given the conservation importance and

monetary costs of corridors, improving and validating corridor model predictions is vital.

INTRODUCTION
Conservation corridors are widely regarded as useful tools for improving landscape connectivity

because they are thought to facilitate animal movement between otherwise separate but
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potentially suitable habitats (Simpson 1940; Forman 1995; Rosenberg et al. 1997; Gilbert-Norton
et al. 2010). Corridors are thought to facilitate dispersal (Haas 1995), maintain gene flow
between populations (Mech and Hallett 2001) and, ultimately, reduce extinction risk (Brown and
Kodric-Brown 1977). Surprisingly, few data show that mammals move between habitat patches
via predicted corridors, perhaps prompting some ecologists to question their effectiveness and
value (Simberloff et al. 1992; Hodgson et al. 2009). Given the conservation potential for wildlife
corridors and the monetary costs required to implement them, both accuracy in corridor
identification and appropriate methods for measuring their utility are needed (Chetkiewicz et al.
2006; Beier et al. 2008; Spear et al. 2010; Sawyer et al. 2011; Zeller et al. 2012).

Typical methods to identify corridors only indirectly consider the animal movements they
are designed to facilitate (Chetkiewicz et al. 2006; Beier et al. 2008). Often, experts visually
identify potential corridors (Hilty et al. 2006). More sophisticated methods such as cost-based
models (e.g., least-cost mapping; Adriaensen et al. 2003 and circuit theory; McRae et al. 2008)
use algorithms to analyze landscape resistance to predict corridors. This landscape resistance, or
‘cost’, is thought to represent the energetic or mortality risk for an animal to move through an
area, or its unwillingness to do so. Landscape resistance is often based on habitat suitability
indices or expert opinion, where high habitat suitability is interpreted as low resistance or cost
(Sawyer et al. 2011; Poor et al. 2012; Zeller et al. 2012). Unfortunately, many examples of cost-
based corridor model applications have weaknesses, for example the use of habitat selection
information that is generalized from the literature (e.g., LaRue and Nielsen 2008; Li et al. 2010;
Huck et al. 2011) (despite being locality specific and often variable across sites and thus not
generalizable; Fahrig 2007) and the cost-based models themselves unrealistically assume an

animal either has complete knowledge of the landscape (e.g., least cost path analysis; Adriaensen
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et al. 2003) or no memory of the landscape (i.e., random walkers; e.g., McRae et al. 2008). Most
importantly, despite intending to predict and facilitate animal movements, most corridor studies
do not directly incorporate animal behavior into their models (Chetkiewicz et al. 2006; Beier et
al. 2008; Sawyer et al. 2011; Zeller et al. 2012), and only a few have compared their model
predictions with movement data (Driezen et al. 2007; Poor et al. 2012; Walpole et al. 2012).

Fortunately, animal movement data are increasingly available to both test predicted
corridors and to improve the corridor models themselves (Wikelski et al. 2007; Wikelski and
Kays 2012). These new data are part of the emerging field of Movement Ecology (Nathan et al.
2008), that also includes new analytical tools for identifying behaviors of free-ranging animals
(Nathan et al. 2012) and for discerning animal behavior using movement data-based models
(Fauchald and Tveraa 2003; Morales et al. 2004; Jonsen et al. 2005; Gurarie et al. 2009;
Kranstauber et al. 2012). These movement models, coupled with improved spatial and temporal
resolution of GPS-derived movement data (Brown et al. 2012), are improving our understanding
of the mechanistic links between animal behavior, animal space use, and survival in dynamic
environments (Morales et al. 2010; Smouse et al. 2010; Barton et al. 2012; Buchmann et al.
2012).

In this paper we take a movement ecological approach to delineate functional corridors
and test corridor model predictions. First, we developed the “animal-defined corridor” model
using high resolution GPS tracking data from fishers (Martes pennanti) to determine whether
fishers use corridors to move between the habitat patches within their home ranges in a
fragmented, suburban environment. We then used these same tracking data to build the
resistance layers for two popular cost-based corridor models: least-cost path analysis

(Adriaensen et al. 2003) and circuit theory (i.e., Circuitscape; McRae et al. 2008) to predict the
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observed fisher corridors. Finally, we evaluated the performance of the animal-defined corridor
model and tested the predictions of least-cost path analysis and circuit theory using an

independent set of camera trap detection data.

METHODS

Study species and area

Fishers are medium-sized (females 2.0 — 2.5 kg; males 3.5 — 5.5 kg) carnivores native to the
northern forests of North America. Fisher populations suffered dramatic declines following the
Euro-American colonization of North America due to over-harvesting, habitat loss and habitat
fragmentation (Powell 1993). Their range is still restricted along the western coast of the United
States but they are expanding out from refugia in much of their eastern range (Lewis et al. 2012).
We tracked fishers in suburban forest patches near Albany, New York, USA (42.765 N, -73.881
E), a relatively flat (<100 m change in elevation) 350 km? matrix of residential and commercial
land uses, interspersed with mixed and northern deciduous forest patches. The road density in
this area is 4.77 km/km? (New York State Office of Cyber Security 2006) with a human
population density of 438 persons/km? (US Census 2008). Our main study area was highly
fragmented by roads and development to where six of our eight fishers had home ranges
(dynamic Brownian bridge movement model utilization distribution; Kranstauber et al. 2012)
that included multiple disjunct habitat patches (i.e., forest patches separated by roads, unsuitable
land cover, or other anthropogenic structures) that individuals regularly moved between. One
study animal was tracked in nearby (30 km) Grafton Lakes State Park (9.5 km?) a mostly
contiguous forested landscape dominated by deciduous and coniferous tree species, with

recreation trails and a few gravel roads.

100



Movement data

We live-trapped fishers with covered cage traps, sedated them with a combination of ketamine
hydrochloride (concentration = 200 mg/mL, dosage = 0.2 mL/kg) and xylazine hydrochloride
(concentration = 300 mg/mL, dosage = 0.01 mL/kg), monitored their vital rates, and fitted them
with tracking collars (E-obs GmbH; Griunwald, Germany) during the winters of 2009, 2010, and
2011. Collars contained a GPS microchip, an ultra-high frequency radio transmitter, and a tri-
axial accelerometer. Prior to deployment, we estimated the location error of the GPS to be 22 m
(mean) via stationary field tests (18 collars, 2071 locations). The GPS was programmed with a
fixed schedule of 10 or 15 minute intervals, or a dynamic fix schedule, 24 hours per day. With
the dynamic fix schedule, the GPS attempted more frequent locations (> 2 minutes) when a
fisher moved quickly and attempted fewer fixes (every 60 minutes) when the fisher rested (see
Brown et al. 2012 for details). Capture and handling protocols were approved by the

Institutional Animal Care and Use Committee at the Max-Planck-Institute for Ornithology.

Cost-based corridor mapping

Cost-based approaches to corridor mapping require assigning resistance values to the landscape
variables. These values should represent the cumulative costs (e.g., energetic expenditure,
mortality risk, or habitat avoidance) experienced by an individual moving through the landscape
(Adriaensen et al. 2003). As our intention here is to test popular cost-based corridor methods,
we estimated landscape resistance values from a habitat selection analysis to replicate many of
the published cost-based corridor studies (Sawyer et al. 2011). Since fishers are well

documented forest specialists (Powell 1993; Lofroth et al. 2011) and roadways are significant
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barriers to animal movement (Forman et al. 2003), our landscape variables included land cover
(30 m resolution, 15 land cover categories; 2006 National Land Cover Dataset; Fry et al. 2011)
and a road polyline layer with 7 speed categories that we rasterized to a 30 m resolution grid
(New York State Office of Cyber Security 2006). Despite the influence of topography on
resistance estimates, we ignored topography in our analyses as our study area experiences little
change (<100 m) in elevation.

We conducted a weighted compositional analysis for fisher habitat selection (Aebischer
et al. 1993; Millspaugh et al. 2006) at the home range scale (i.e., Johnson’s (1980) third order of
selection), per individual. We used the GPS tracking locations to estimate the ‘use’ of each land
cover type per fisher, and used a dynamic Brownian bridge home range utilization distribution
(Kranstauber et al. 2012) to estimate the ‘availability’ of each land cover type, per fisher. As
recommended by Aebischer et al. (1993), for each fisher, if a land cover type was not used by the
animal, but was available (i.e., available value was greater than zero), we replaced the unused
land cover type use proportion value with a value equal to 10% of the least available land cover
type proportion. We assigned a movement cost to each land cover type (per fisher) by
calculating a ranking matrix of the pairwise differences of the natural log-ratios of the use to
available proportions (Aebischer et al. 1993). A pairwise difference value of zero indicates
random use, whereas negative values suggest the fisher avoided the land cover type and positive
values suggest the fisher selected for the land cover type. These values are the basis for
Aebischer et al.’s (1993) habitat rankings. We then calculated the mean of the pairwise
differences per land cover type. We then standardized these pairwise difference means by first
subtracting the highest mean value for a land cover type (per individual) from each land cover

type value and then we divided these standardized values by the lowest standardized value to
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make each land cover type relative to the least selected for (i.e., most costly). As both least-cost
path analysis and Circuitscape require cost values >1, we assigned the least costly land cover
types a value of 1 (previously 0) and then multiplied the remaining values by 100. The final
values range from 1 (least costly) to 100 (most costly).

Both least-cost path analysis and Circuitscape require source and destination points or
areas (Adriaensen et al. 2003; McRae et al. 2008), for which we used fisher rest sites. Our
fishers were highly nocturnal, typically resting at a single site throughout the day (LaPoint
unpublished data). We identified these rest sites as GPS location clusters where a fisher spent >4
daytime hours during which they were minimally active, as indicated by low variability in
accelerometer measures (see Brown et al. 2012). An alternative to using rest sites would have
been to model corridors between habitat or home range cores. Doing so, however, requires a-
priori distinguishing between habitat, periphery, and core areas, which can vary depending on the
home range estimator used (Cumming and Cornélis 2012) and can be confounded when
numerous locations are recorded within frequently used corridors. Rest sites offer a simple
alternative as they were numerous and well distributed across each fishers home range, they can
easily be identified with animal tracking data and field investigations, and their definition is
stable and straightforward across studies (Powell 1994; Kilpatrick and Rego 1994; Lofroth et al.
2010).

For each fisher separately, we predicted the locations of corridors between its rest sites
with least-cost path analysis and circuit theory using the cost values from the habitat selection
information for the fisher. We conducted least-cost path analysis using the Spatial Analyst
toolbox within ArcMap (version 9.3 build 1770; ESRI 2008). We modeled least-cost paths

between all possible combinations of rest sites, per individual. We identified possible corridors
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from least-cost path analysis as cells whose least-cost path density is > 2, i.e., at least two least-
cost paths overlapped within the cell, and required that these overlapping paths were each
traveling in opposite directions (i.e., the path connecting a ‘source’ rest site to a ‘destination’ rest
site was overlapped by another path when the designations of these rest sites was reversed). We
chose least-cost path analysis over the similar least-cost corridor method (Sawyer et al. 2011) to
avoid subjective accumulative cost thresholds and to force a path to/from the most isolated rest
sites that least-cost corridor analysis may have determined too costly to reach (i.e., above the
accumulative cost threshold). Next, for each fisher, we used the same cost layers to generate
cumulative current outputs from Circuitscape (version 3.5.4; www.circuitscape.org), to predict
fisher corridors between each rest site (i.e., focal nodes). Each current map is a raster with
continuous grid cell values of current flow, where current values are indicative of predicted
movement of random walkers. These maps are useful tools for visualizing movement
bottlenecks, barriers, and connectivity across landscapes, but can be difficult to objectively
interpret (Rudnick et al. 2012). We are unaware of a quantitative and objective method for
delineating corridors via current maps, therefore we identified potential corridors visually from
current maps, where relatively high current levels suggested funneled fisher movements. In
summary, for both the least-cost path analysis and circuit theory approaches, we predicted
corridors for each fisher using the same data inputs for both approaches (i.e., conducted on each
fisher separately, using the same cost layers per animal, and the same source and destination
points). However, the algorithms used by each approach to predict corridors from the cost layers
differ. In least-cost path analysis, the cost distance (i.e., the Euclidian distance weighted by the
cumulative cost of each cell traversed) is estimated between a source and a destination, from

which the least costly path represents the connected cells whose summed cost-weighted distance
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is the lowest (Adriaensen et al. 2003). Whereas circuit theory algorithms generate random walks
originating from designated source points, with each landscape grid cell’s value representing the
number of walkers that reached the cell divided by the resistance of the cell. In electrical circuit
theory this translates as current or the voltage (the amount of walkers) divided by the resistance
(cost), thus a current cell value can indicate either low resistance or high voltage, or both.
Finally, due to the outputs for each cost model, our interpretation of each approach’s results had
to differ slightly since least-cost path corridors were objectively identified via overlapping paths
and circuit theory corridors were identified subjectively, but with careful visual inspection of
quantitative current maps. Both of these approaches are popular and current practices (Rudnick

et al. 2012).

Identifying animal-defined corridors

We analyzed our high-resolution fisher tracking data to determine if fishers used corridors within
their home ranges. We considered corridor use as efficient and repeated movement between two
or more habitat patches within a home range (Hobbs 1992; Rosenberg et al. 1997; Hilty et al.
2006). The efficiency of movement distinguishes corridors from otherwise linear foraging
habitats since corridors should primarily be used for traveling (Forman 1995; Rosenberg et al.
1997). For this analysis we interpret rapid movements as efficient movement, and define
corridors as areas characterized by parallel, quick and repeated animal movement paths. We
refer to these areas as animal-defined corridors. We believe our corridor definition is similar to
previously used definitions. However, our definition may more explicitly incorporate corridor
function (quick and repeated movements) and corridor form (parallel movements) than

previously used definitions. Our method, described below, is available as the corridor function
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within the move package (version 1.1; Kranstauber and Smolla 2013) for program R (version
2.15.2; R Development Core Team 2012).

We first estimated the speed and the variation in the direction traveled by an animal to
define potential corridor movement behaviors empirically. For each individual we divided the
entire movement path into steps representing the estimated path between successive locations,
with the midpoint of each step being assigned the speed (m/min) and azimuth (-180° < azimuth <
180°) of the fisher moving from the previous location to the next. We identified fast movement
steps as those with speeds greater than 75% of all speeds per animal (Fig. 1a). We created a
circular buffer whose radius equals one-half the movement step length around each midpoint.
We identified parallel movement steps by calculating a ‘pseudo-azimuth’ for each midpoint and
then calculated the circular variance of these pseudo-azimuths of all midpoints falling within the
buffer of each midpoint (Fig. 1b). The pseudo-azimuth is calculated for each midpoint by adding
180 to the observed azimuth, multiplying this by 2, then subtracting 360 if this value > 360 or do
nothing if this value is < 360 (see Figure 2). It is important to note that the pseudo-azimuth does
not preserve any directional information, but rather produces a value between 0 and 360 for the
circular variance calculations. After removing steps whose pseudo-azimuth circular variance
was equal to 0, (indicating that no other segment midpoints occurred within the buffer radius),
we identified the movement steps whose pseudo-azimuth circular variance was within the lowest
percentage quartile, indicating that they are located near other parallel movement steps.
Movement steps that meet both the speed and parallel requirements are considered to exhibit
corridor use behavior. These conditions allowed us to remove non-corridor use behaviors such
as resting and foraging that would have slower speeds and high directional variance (either from

GPS fix errors or from meandering search paths) thereby focusing on corridor use as a specific

106



behavior type. All other steps are considered non-corridor use behavior. After classifying all
midpoints as being either corridor behavior or not, we searched for high concentrations of
corridor behavior midpoints to identify animal-defined corridors. Considering only midpoints
with at least two additional midpoints within their buffer, we classified a midpoint to be within a
corridor if the majority of the midpoints within its buffer were also classified as corridor
behavior. Finally, we delineated the boundaries of corridors using a contour interval (e.g., 20%)
of a fixed kernel density estimate of corridor use behavior midpoints (Fig. 1c).

Figure 1. Schematic and description of the animal-defined corridor model using the observed track of an adult
male fisher as an example.

Identify fast movements

The entire track of an animal is divided into segments
(lines), connecting consecutive locations, and assigned a
midpoint (diamonds). For each segment, the speed and
azimuth are calculated. Midpoints with fast speeds (black
diamonds) are those > 75% of all observed speeds.
Midpoints with speeds < 75% are open diamonds. A
‘pseudo-azimuth’ is calculated for each midpoint by adding
180 to the observed azimuth, multiplying this by 2, then
subtracting 360 if this value > 360 or do nothing if this value
is < 360.

Identify parallel movements

A circular bufYer (grey circle) whose radius equals one-half
the segment length is centered around each midpoint. The
circular variance of the pseudo-azimuth is calculated per

& bufYer using only midpoints that fall within the buffer. Fast
midpoints (black diamonds in Fig. 1 A) that now also have a
low variance demonstrate “corridor-use behavior” (black
diamonds in 1B). Midpoints from Fig. 1A with high
variance regardless of speed are now open diamonds.

Identify clusters of corridor behavior

Midpoints with either low speeds, high directional variance,
or both (i.e., non-corridor behavior) are ignored (open

: H diamonds). Midpoints with more corridor use behavior
gl '.‘ midpoints than non-corridor use behavior midpoints within
s their buffer are considered within a corridor (black
s diamonds). We identify concentrations of these comridor
% midpoints with a utilization distribution contour, e.g., 20%
'-‘ (dashed black polygon).
-
‘e iR -‘
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Figure 2. Schematic for calculating a step pseudo-azimuth. The azimuth of an animals step (i.e., its direction of
travel from step t; to step t;;;) can have a value between -180° < 180°. Thus to prevent parallel steps that have
opposite directions of travel from inflating the circular variance of all step azimuths within the step midpoint
radius, each azimuth value is converted to a positive integer < 360. To do this we add 180 to each azimuth
(“Az”) and multiply this value by 2 (step 1). If the resulting value is > 360, we subtract 360, otherwise we do
nothing (step 2). The final resulting value is the 'pseudo-azimuth' (step 3). Below we provide two examples of
disjunct, parallel steps, but with opposite directions of travel (A and B) and one example of two disjunct, nearly

parallel steps traveling in the same direction (C).

pseudo-
step 1 step 2 azimuth
A — ano
t; Az=90 >ti +1 | 2(90°+180°) | 5400 > 360° 180
2(-90° +180°) | 180° < 360° 180
2(45°+180° | 450° > 360° 90
2(-135° + 180° | 90° < 360° 90
2(76° + 180°) | 512°> 360° 152
2(80° + 180°) | 520° > 360° 160

Corridor model validation

We evaluated the predictions of the three corridor models (least-cost path analysis, circuit theory,

and our animal-defined corridor model) by using unbaited motion-sensitive camera traps to test

if corridors predicted by each model had higher mammal detection rates than camera traps placed

in nearby forest patches. We assume that cameras in true movement corridors should detect

more fisher traffic than those in core areas because their narrow geometry would funnel animals

near our camera. This presumes that fishers are regularly (~nightly) using corridors to move

between forest fragments that make up their home range. If this between-fragment movement is

rare, core area movement rates might be higher, but camera-based comparisons between

predicted corridor areas would still be valid. Between September 2011 and January 2012 we
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placed a camera trap at the center of each predicted corridor location and within nearby forest
patches that were used by our fishers. All cameras were spaced >130 m apart, greater than the
recommended minimum distance of 25 m (Kays et al. 2011), to avoid spatial autocorrelation of
detections. Each camera (Reconyx RC55 or PC800, Holmen WI) was attached to a tree 0.5 m
above the ground, run continuously for approximately one month, and was set to take ten
pictures per trigger in rapid succession. We considered detections > 1 minute apart to be
temporally independent, and analyzed movement rates for eight species groups: fishers,
carnivores, carnivores excluding fishers, medium and large mammals, medium and large
mammals excluding carnivores, mammals except squirrels (Sciuridae), mammals excluding
carnivores and squirrels, and mammals (Table 1). We measured the detection distance for each
camera set as the maximum distance it would trigger on a human walking by, and used this to
test for potential habitat-related affects on detection area. We used a general linear model
(Poisson distribution, including camera deployment duration and month of deployment as offset
terms) to determine whether each corridor model predicted different detection rates than

expected (i.e., compared to cameras within the used forest patches).

Corridor composition

We conducted a weighted compositional analysis of habitat use (Aebischer et al. 1993,
Millspaugh et al. 2006) to determine whether fisher corridors and fisher home ranges are
composed of statistically different land cover types. This is the same analysis we used to
estimate fisher habitat selection within their home range, except we now only used the segment
midpoints identified as corridor behavior for ‘use’, rather than all locations, and used a dynamic
Brownian bridge movement model utilization distribution of all movement step midpoints as

‘available’ (Kranstauber et al. 2012). For this analysis, it was necessary to combine ‘use’ data
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Table 1. In addition to fishers, camera trap detections of mammal species were also grouped into four categories
for analyses.

Mammals Medium and large

Species Mammals excluding squirrels mammals Carnivores
Didelphis virginiana X X X

Canis latrans X X X X
Vulpes vulpes X X X X
Urocyon cinereoargenteus X X X X
Mephitis mephitis X X X X
Procyon lotor X X X X
Martes pennanti X X X X
Mustela erminea X X X X
Mustela frenata X X X X
Odocoileus virginianus X X X

Tamias striatus X

Sciurus carolinensis X

Tamiasciurus hudsonicus X

Glaucomys sp. X

Peromyscus sp. X X

Sylvilagus floridanus X X X

and ‘availability’ data for all individuals, by summing all corridor use behavior midpoints and all
of the non-corridor use behavior midpoints for all of our fishers, as several fisher had insufficient
corridor use behavior midpoints for the analysis. These analyses were run in program R (version
2.15.0; R Development Core Team 2012) using the compana function of the adehabitat package

(version 0.3.5, Calenge 2006).

RESULTS

Of the 12 fishers captured and tagged, four had to be excluded from analysis (one male
dispersed, one female denned during her tag deployment, and two males removed their collars
early during their deployment). The remaining eight tags (5 males, 3 females) recorded for a
combined 242 days (means of 38 and 18 days, males and females respectively), during winter
(mid-December — end of March) producing 31,985 GPS fixes (means of 5226 and 1951 per male
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and female respectively, see Figure 3 for an example). Tracking data for these animals are

available at Movebank.org (DOI: 10.5441/001/1.2tp2j43Q).

Figure 3. Map highlighting the results of the animal-defined corridor model for one urban male fisher. Corridor
boundaries are delineated with a 20% isopleth (dashed) of a utilization distribution as an example.
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A total of 5% of fisher movements met our criteria to be considered potential corridor use
behavior, and 18% of these were concentrated into 23 animal-defined corridors. Based on our
criteria, one female and one male did not exhibit corridor use, whereas the remaining six fishers
repeatedly used between 2 and 7 corridors within their home ranges. This female used a very
small home range (1.1 km?) and did not require multiple forest fragments, and the male lived in
an area of continuous forest, (i.e., a single, large habitat patch). We excluded these two fishers

from the corridor validation tests and the corridor composition analysis as they did not
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demonstrate corridor use, thus we could not validate the animal-defined corridor model
predictions nor could we quantify their corridor compositions.

The weighted compositional analysis produced standardized pairwise log-ratio difference
values between -14.9 and 8.35 (Table 2). We translated these values into ‘cost’ (i.e., land cover
resistance) values per individual, that varied for the same land cover type across individuals
(Table 2). Using these values, least-cost path analysis identified 17 potential corridors (1 — 6, per
individual) and circuit theory identified 28 corridors (1 — 7, per individual) within the home
ranges of these animals (see Figure 4 for examples). Of the 23 animal-defined corridors, only
one was predicted by least-cost path analysis and only five were predicted by circuit theory.
Only six of the 17 and 28 corridors predicted by least-cost path analysis and circuit theory,
respectively, overlapped.

To test whether predicted corridors received higher mammal traffic than forest patches,
we deployed camera traps for a total of 1909 trap nights. We were able to monitor 24 forest
patch locations, but flooding, restricted access to private property, and infeasibility of some
suggested corridor sites (e.g., car parking lot) limited our corridor monitoring to 40 of the 55
predicted corridor locations. Five of the monitored corridors were identified by two different
corridor models and two were identified by all three corridor models, thus a single camera trap at
these sites simultaneously recorded detections for multiple corridor models. The camera
detection distance to a human ranged from 3.2 m to 19.1 m (mean = 10.3 m) and did not vary
significantly with location type (ANOVA; F-value = 0.368, P = 0.78). Detection rates were
spatially independent for each species grouping (Moran’s I; P > 0.25). Detections of species
groups, except fishers, were significantly negatively affected by the camera deployment month,

with early (i.e., autumn) deployments having higher detection rates than later deployments
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(general linear model, t-values < -2.182 P < 0.05). For fisher detections we ran two general
linear models, one with the camera deployment month as an offset and one without, but
ultimately chose the more robust model for interpretation as it produced a lower AIC value.

Compared to cameras placed within forest patches, cameras within our animal-defined
corridors detected higher numbers of each of our species groupings (P < 0.05) (Table 3).
Detection rates for circuit theory cameras were significantly higher for most non-target mammal
groups (P < 0.001), but were lower for fishers and carnivores (Table 3). Least-cost path cameras
detected significantly higher rates for mammals (P < 0.001), but also significantly lower
detection rates for mammals excluding squirrels and medium and large mammals (Table 3).
Fisher detections were 64% higher at cameras within least-cost path corridors than in nearby
forest patches, but this improvement was not statistically significant (P = 0.655), probably due to
the low number of least-cost path corridors (n = 6) that we were able to monitor and the overall
low number of detections of fishers (n = 39, 5 of which were detected within least-cost path
corridors. A post-hoc power test with unequal observations, using an alpha of 0.05, suggests we
needed to monitor three more least-cost path corridors in order to detect our observed effect size
of 1.643).

Fisher corridors have a different land cover type composition than their home ranges
(Figure 5). Our animal-defined corridor model suggested fisher corridors are composed of a
variety (15 of 22, 68%) of the land cover types included in our analyses, with forested wetlands
and deciduous forests being most prominent (Figure 5). Fisher corridors contained more forested
wetlands, deciduous forests, pastures, and more 5 and 35 mile per hour roads than would be
expected based on the typical fisher home range composition. Of the five most prominent

corridor land cover types, only two were forests, with the remaining three being cropland,
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developed open space (e.g., golf course or cemetery) and pastures (Figure 5). In contrast, all of
the 22 land cover types were found in fisher home ranges, and four of the five most prominent
home range land cover types were forests: deciduous forest, mixed forest, coniferous forest,

pasture, and forested wetland, in decreasing order of selection (Figure 5).

DISCUSSION
Corridors are widely viewed as important tools for maintaining landscape connectivity (Gilbert-
Norton et al. 2010), yet there has been little empirical evidence to test whether mammals actually
move through predicted corridors. Our high-resolution tracking data show that fishers use
movement corridors to connect fragmented habitats within their home ranges. The two fishers
that did not show corridor-like movement behavior were also not observed moving between
forest fragments, maintaining home ranges that were nearly uniformly forested with no
anthropogenic barriers. This suggests that corridor use may be a behavioral adaptation by fishers
to fragmented landscapes. Furthermore, using fishers as a model species, we demonstrated a
repeatable approach to wildlife corridor identification that uses field data and emphasizes animal
behavior, while reducing assumptions inherent to cost-based corridor models. Unfortunately, the
corridors used by our study animals were generally not well predicted by the cost-based corridor
models, emphasizing the need for further integration of animal behavior data into corridor
models and for validating corridor model predictions with independent field data (Chetkiewicz et
al. 2006; Beier et al. 2008; Sawyer et al. 2011).

Cost-based corridor models are sensitive to numerous factors including the

anthropocentric categorizations of landscape variables fed into the model, their resistance
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estimates, and both the spatial and temporal grain and scale of the landscape under study
(Rayfield et al. 2010; Sawyer et al. 2011). Our use of tracking data to calculate land cover

resistance values for these models is the recommended best practice (Beier et al. 2008;

Table 3. Mean detection rates (detections/day) and mammal species richness for camera traps deployed in forest
patches and corridors predicted by the three different models, with sample sizes in parentheses. Superscripts
indicate significance levels (*P < 0.05, ®P < 0.01, °P < 0.001) for results from a general linear model comparing
detection rates for each corridor model to nearby forest patches.

Animal- Circuit Least-cost

Species groupings Forest defined theory path

patch (24) corridors corridors corridors

17) (17) (6)

Fishers (39) 0.018 0.031° 0.012 0.028
Carnivores (271) 0.139 0.185° 0.094 0.122
Carnivores excluding fishers (232) 0.121 0.154° 0.082 0.094
Medium and large mammals (1054) 0.475 0.587° 0.622° 0.431°
Medium and large mammals excluding carnivores (783) 0.336 0.403° 0.528° 0.310%
Mammals excluding squirrels (1193) 0.525 0.697° 0.696° 0.462°
Mammals excluding squirrels and carnivores (922) 0.387 0.512° 0.602° 0.341%
Mammals (2343) 0.776 1.379° 1.327° 1.857°
Mammal species richness (16) 12 15 13 10

Chetkiewicz and Boyce 2009; Sawyer et al. 2011). Despite this, circuit theory predicted only
22% (5 of 23) and least-cost path analysis predicted only 4% (1 of 23) of the corridors actually
used by our study animals, and further, our camera detection data suggest that locations that our
interpretation of circuit theory current maps suggested were corridors received less fisher traffic
than cameras within forest patches. Because of our decision to model cost-based corridors
between rest sites, a few of their predicted corridors were located within a continuous forest
patch. This may have reduced their camera detection rates, but this does not detract from their
inability to predict the corridors used by our study animals. We believe that these differences are
real and are not related to our decision to model cost-based corridors between fisher rest sites
rather than between habitat cores, patches, or home range boundaries. Since fisher rest sites
were numerous and located throughout the forest patches within a fisher’s home range, and

because the cost-based corridors are forced between all combinations of these rest sites, the cost-
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based corridor models should predict corridors between these forest patches, without the need for

subjective boundary delineations.

Figure 5. Land cover composition of corridors and home ranges of urban fishers demonstrating corridor use (6
of the 8 fishers studied). Horizontal bars indicate whether land cover types were more prominent within animal -
defined corridors (to the left of the Y-axis) or within fisher home ranges (to the right of the Y -axis), based on the
difference between the mean log-ratio pairwise differences (Aebischer et al. 1993) per land cover type for
corridors and home ranges.

Corridors Home range

0% tank? Differences between corridor and home range mean pairwise log-ratio differences 04t rank*  Land cover types

13 12(0) 0.8 7(0)  5-mile per hour road

0.0 2(0 0.5 8() 15-mile per hour road

2.1 8(0) 7 59 13(2)  25-mile per hour road

30 1ol 21 15(3)  35-mile per hour road

0.0 4(0) 0.3 2(0)  45-mile per hour road

0.0 8(3) 0.0 0( 55-mile

0.0 2{0) 0.8 2(0)  65-mile per hour road

0.0 11(5) 0.0 6(0)  Barren land

38 19D 45 14(3) Crops

0.0 0(0) 0.9 4(0)  Developed, high intensity

20 11{(0) 40 12(2)  Developed, low intensity

0.3 2(m 22 7(0)  Developed, moderate intensity

74 18(0 94 16(7)  Developed, open space

0.0  10(2) 0.1 4¢0)  Emergent herbaceous wetland
238 2009 18.4 17(12)  Forest, deciduous

2.2 12 (0) 33 20(13)  Forest, evergreen

47 15(D) 73 21(16)  Forest, mixed
44.1 21(7y 902 349 19(l6)  Forested wetlands

0.1 12 (4) 0.1 11(2)  Grassland

0.6 5(0) 1.9 5(0)  Open water

42 17(0) 2.1 18(10) Pasture

0.4 6(0) 02 0.6 10 (0) Scrub / shrub

r 3
\ 4

Land cover 1s more prominent in Land cover 1s more prominent in
comidors than in home ranges home ranges than in corridors

% Percentage of corridor and home range total area per land cover type for fisher demonstrating corridor use.

®The number of other land cover types that each land cover type was selected over. Higher values suggest the land
cover type was increasingly selected over the other land cover types, with parenthetic values indicating the number
of land cover types that the row land cover type was significantly (P < 0.001) selected over.

We believe that the little overlap between the cost-based predictions and observed fisher
corridors is due to differences between fisher’s land cover selection for corridors in comparison
with their home ranges (Fig. 5), which we used to build our resistance layers for cost-based

models (Sawyer et al. 2011; Zeller et al. 2012). For example, four of the five most preferred
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(i.e., highest ranking) fisher home range land cover types were forests, whereas only two of the
five most preferred corridor land cover types were forests. The relative cost values assigned to
the landscape variables and the spatial arrangement of these cost values are known to influence
the results of cost-based resistance mapping (Rayfield et al. 2010). We would not suggest that
corridors designed for fishers should be composed of land cover types other than those that they
prefer (i.e., forests). Rather, our results suggest that corridor planners should not immediately
discount these suboptimal land cover types if they are in connecting areas, and should recognize
that fishers, and possibly other species, are able to utilize suboptimal cover types to connect
more desirable areas. Finding that fishers select for forests is not surprising (Powell 1993;
Lofroth et al. 2010). Yet, although fishers prefer forests, our data suggest that connecting
separate habitat fragments is so important for suburban fishers that they are willing to use
corridors composed of sub-optimal land cover types (e.g., crops, open space, and pastures). Our
field observations (snow tracking and ad-hoc camera traps) also suggest that fishers made regular
use of under-road tunnels and drainage pipes to cross beneath roads, including one individual
who repeatedly crossed beneath a 6-lane, heavily traveled highway. Both their use of these
under-road tunnels and their corridor land cover composition offer important insight into this
species perception of landscape connectivity (Lima and Zollner 1996), their ability to cross gaps
in forest cover (Dale et al. 1994), and have significant implications for fisher corridor modeling.
Unbaited camera traps provided a good test for within home-range movement corridors,
where resident mammals should pass through movement corridors regularly. Camera traps are
increasingly popular in ecology and conservation and have been used previously to monitor
fishers (Kays and Slauson 2008), yet to our knowledge this work is the first to use cameras to

validate corridor model predictions. We urge researchers to consider the type and frequency of
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expected corridor use when designing corridor monitoring studies, including an awareness of
seasonal biases in detections rates that may be attributed to increased activity, such as the high
camera detection rate we observed for of sciurids preparing for winter. For example, dispersal is
vitally important for biodiversity, yet confirming dispersal via corridors remains a challenge, as
dispersers are less likely to pass the same camera multiple times, thus reducing their detection
rates and making it difficult to distinguish them from random probability. Molecular data
provide useful insight into landscape connectivity, but is best suited for measuring historic
landscape connectivity (Schwartz et al. 2009) and should be used as complimentary data,
particularly as recent landscape changes may require decades to be detected via population
genetic methods (Spear et al. 2010).

Carefully selecting a species as a model for other local species could be a feasible
alternative to more challenging multi-species corridor approaches, provided the corridor model
predictions are validated with field data. Our camera trap detection data suggest that the
predicted animal-defined corridors received higher traffic rates of fishers and each of the other
non-target mammal species groups that we considered, suggesting that fishers are a suitable
model species for the other forest dependent mammal species within our study area.
Unfortunately however, this can not be said for the cost-based corridor models tested here. It
appears that circuit theory failed to predict corridors for fishers and carnivores in general and
least-cost path analysis predicted more fisher traffic, but less of each of the non-target species
groups except sciurids. These shortcomings may limit their utility for multi-species corridor
planning. We believe that these shortcomings can be overcome by further integrating animal
behavior into corridor models and recognizing corridor use as a behavior, as with our animal-

defined corridor model, rather than estimating movement resistance from habitat preference
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information. It is interesting to note however that each of the corridor models predicted high
sciurid traffic. This may not be related to the corridor models themselves, but rather due to the
sciurids increased activity during our sampling season or because predicted corridors often
passed through residential areas where S. carolinensis (the most commonly detected species) in
particular may be especially active collecting supplemental food from backyard bird feeders.
Our animal-defined corridor model was effective in identifying fisher corridors, yet it is
not without its limitations. First, our model requires the capturing and monitoring or free-
ranging animals, which may prove difficult for rare and/or elusive species, yet we believe that
the additional information garnered from this effort (e.g., home range estimates, activity patterns,
habitat selection, etc.) outweigh the required additional effort. Another shortcoming of our
method is that it applies to within home range corridors and thus cannot directly predict corridors
at larger scales. However, our method does objectively identify movement corridors, allowing
users to avoid many of the assumptions and shortcomings of cost-based corridor models, such as
potential landscape variable layer inaccuracies, proper landscape resistance parameterizations,
and reduces assumptions of animal knowledge of the target landscape. Further, our results
highlight the potential for animal behavior data to improve cost-based corridor models, and the
need to do so. Our corridor model results can be re-incorporated into the landscape resistance
estimates required for cost-based corridor modeling, thereby producing a more realistic estimate
of landscape resistance to animal corridor use, rather than resistance to animal habitat selection.
Finally, our animal-defined corridor model can be applied across many species and landscapes,
even immediately applied to existing animal movement datasets (e.g., www.movebank.org).
Maintaining animal movements through dynamic and challenging landscapes is crucial

for biodiversity (Bennett 2003; Nathan et al. 2008). Our paper confirms that animals will move
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through corridors to connect fragmented habitat patches, supporting their value for conservation.
We also offer two field tests of corridor model predictions: active animal tracking and passive
monitoring with remote cameras. Our results suggest that cost-based models may be inaccurate
if they ignore unique interactions between animal behaviors and particular landscape features.
Although we are enthusiastic about the potential for corridor modeling to inform conservation
decisions, we agree with Chetkiewicz et al. (2006) that more progress is needed to incorporate

independent data into these models to make them more accurate and useful.
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CARNIVORES in the CAPITAL

Habitat fragmentation and urbanization are pushing wildlife species toward the brink of
extinction (Wilcox and Murphy 1985; Saunders et al. 1991; Turner 1996; Fahrig 1997, 2003;
McKinney 2002). Carnivores are highly susceptible to these threats due to their large area
requirements and low population densities (Noss et al. 1996; Crooks 2002; Cardillo et al. 2005;
Crooks et al. 2011). A few carnivore species however are surviving these anthropogenic forces
by adapting their behaviors to best facilitate their co-existence with humans (McClennen et al.
2001; Henle et al. 2004; Prange et al. 2004; Fischer and Lindenmayer 2007; Gehrt et al. 2010;
Bateman and Fleming 2012). A more complete understanding of how these species are able to
do so is urgently needed.

With this dissertation | attempted to improve our understanding of how a once rare
carnivore is surviving within a fragmented, urbanized landscape. Specifically, | focused on the
movements, habitat use, and the timing of activity of fishers (Pekania pennanti) living within the
most developed landscape within their geographic range. Through novel technological
improvements in GPS-tracking collars and a novel model of movement-behavior, | determined
that fishers within my study area actively avoid automobile traffic volume peaks by adjusting the
timing and duration of their daily activities to avoid these human activity peaks. 1 also
discovered that these individuals have lessened their habitat suitability requirements, and connect
the habitat (i.e., forest) patches that constitute their territories by routinely crossing roads, (at
times utilizing under-road passages and tunnels), and by making regular use of corridors. In
comparison to the fishers I monitored within a nearby continuous forest landscape, the “urban”

fishers clearly exhibit several behavioral adaptations that are facilitating their survival under the
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constant pressures of habitat fragmentation, loss, automobile traffic, and other human

disturbances.

IMPLICATIONS, CONSERVATION VALUE, and FUTURE DIRECTIONS
It was my goal and is my hope that the work presented within this dissertation will have broad
implications for wildlife ecology and for conservation biology. My activity-informed, dynamic
GPS-fix attempt schedule offered a solution to an often debated (Hansen and Riggs 2008;
Cagnacci et al. 2010; Hebblewhite and Haydon 2010; Brown et al. 2012) logistical challenge to
wildlife biologists: reducing the trade-off between data resolution and battery life. This tool has
been implemented by several biotelemetry equipment manufactures and is being adopted by field
biologists. | expect this technology to improve our understanding of wildlife ecology and in turn
to provide better information for conservation practitioners.

In Chapter 2, | provided and rigorously tested a hypothesis that suggests fishers within
the species eastern range are benefiting from a reduced mammalian predator community, i.e., a
mesopredator release. The disparity in the fisher’s range recovery has been debated by fisher
biologists for some time, yet previous attempts to explain why fishers in the East have expanded
their ranges 6-fold than fisher in the West have fallen short (Lewis et al. 2012). My efforts in
Chapter 2 offer a partial explanation for this recovery disparity, but there are certainly other
factors at play. | expect this work to stimulate future investigations into the phenomenon.
Efforts would benefit from a range-wide collaboration of fisher biologists sharing fisher location
information (e.g., telemetry data) and standardizing their field efforts. With these data in hand,
range-wide analyses could be run to determine spatially explicit habitat selection requirements,

for example, which could in turn be used within connectivity analyses at the landscape, regional,
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eco-regional, or larger spatial scales. | have no doubt that such an effort would yield incredible
insight into the species ecology providing valuable information for conservation efforts, and
providing a model approach for biologists working on other species.

My investigations into fisher movement patterns yielded unique and important insights
into this species behavior and ecology. From the data collected via accelerometers, | was able to
show that the urban fishers are responding to human activities. By comparing automobile traffic
volumes on weekdays and weekends, | was able to suggest that fishers are nocturnal and appear
to cease their nightly activity earlier in the morning on weekdays, which have earlier and steeper
traffic volume peaks, than on weekends. Further, it appears that these urban fishers also
facilitate their survival by utilizing nearly all available forest cover, rather than requiring specific
(potentially rare) forest characteristics. In the field, I observed my study animals using a variety
of resting structures (e.g., back yard storage sheds, tree cavities, trash heaps, etc.) and making
ready use of a potentially over-abundant prey species: eastern grey squirrels. Albeit incidental
and unpublished, these observations further support conclusions on their resourcefulness. In the
future, | expect the use of accelerometers to proliferate wildlife biology and ecology. Their low
weight and relatively low cost make them immediately appealing. As others have already
shown, the level of insight into the daily lives of free-ranging animals will yield valuable insight
(Wilson et al. 2006, Wilson et al. 2008; Shepard et al. 2010).

With the fisher movement data | recorded, | was able to achieve four goals: (1)
document fisher movements through a fragmented landscape, (2) develop a novel model of
animal movement behavior to identify corridors, (3) replicate two popular, movement resistance-
based connectivity models, and (4) validate the predictions of all three corridor models with an

independent set of animal movement data. Documenting the movements of these fishers through
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this landscape immediately provides valuable information on the ecology of this species which
can be used by local land planners (e.g., the Nature Conservancy’s Albany Pine Bush Preserve),
but also by fisher biologists elsewhere working to restore this species to its former range. | have
the greatest expectations however, for my efforts to identify and validate corridors. The phrase
“conservation corridor” is a buzzword in conservation circles that unfortunately, in my opinion,
most users do not understand. Despite their popularity, corridor model predictions and the
corridors themselves are rarely validated with field data. In my work presented here, | show that
it is feasible to validate model predictions. More importantly, | offer evidence that two popular
approaches failed to predict animal movement corridors. | hope that my efforts in this regard
encourage efforts to valid conservation corridors elsewhere. | also hope that my novel model of
corridor identification is readily used and improved by future users as it is freely available as a

script for program R (function “corridor” within the “move” package).

CONCLUSION

The fisher’s story is a roller coaster adventure of persecution and isolation, translocation and
expansion. But will their western populations recover their former range as their eastern
counterparts have? My work has revealed the unexpected resourcefulness and adaptability of a
once rare and once considered habitat specialist, offering encouragement for the survival of other
imperiled species. | have strived to incorporate animal behavior and movement ecology directly
into conservation relevant information and I believe that future conservation-orientated efforts
must do the same. | believe we can do this by asking questions whose answers are given from

the individual animal’s point of view, an animal-defined perspective.
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