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Abstract

Northern flying squirrels may be important indicators of the long-term health
and management of Pacific Northwest forests, including development of
successful regional strategies for managing northern spotted owl habitat
under the Northwest Forest Plan. I used live-trapping, radio-telemetry, and
within-stand measures of squirrel habitat to (1) assess mid-term effects of
variable-density thinning on squirrel populations in young, managed forest,
(2) quantify multi-dimensional space use by individual squirrels, (3) contrast
squirrel populations across 33 natural and managed stands that were
representative of wide gradients in within-stand structural complexity found
in Pacific Northwest forests, and (4) test hypotheses evaluating the relative
importance of four primary limiting factors for flying squirrel populations—
food, competition, predation, and dens. Squirrel populations remained low
12 years after stands were treated with variable-density thinning. At the
same time, high-density populations were found elsewhere across western
Washington. Most space use by individual squirrels occurred above the
forest floor and there were marked differences in movement patterns and
behaviors between the breeding and non-breeding seasons and between
forest supporting low- and high-density squirrel populations. Forests that
supported high squirrel abundances generally exhibited high amounts of
multi-dimensional structure in the midstory and overstory layers, low to
moderate amounts of understory, and few canopy gaps. Three variables,
variance in overstory tree d.b.h., area intercept at 10-m above ground, and
amount of canopy gaps =100m? could correctly classify 97% of the stands as

supporting either high or low squirrel abundances. The structural complexity
i



of a forest and how individual structural components are apportioned
within multi-dimensional space may determine the capacity of a forest to
support abundant squirrel populations. A predation-structural complexity
hypothesis is consistent with results reported from this and several past
studies in the region and suggests that predation may be a primary limiting
factor for squirrels, with food, dens, and competition playing hierarchically
less important roles in most regional forests. Efforts to restore structural
complexity across a dynamic forest landscape may need to consider the
spatial and temporal permeability of forests for flying squirrels, especially
before long-term ecological benefits of management activities like variable-

density thinning are realized.

Key Words: northern flying squirrel, northern spotted owl, Strix
occidentalis caurina, Pacific Northwest, radio telemetry, forest

structure, livetrapping, variable-density thinning, structural

complexity, landscape permeability, predator-prey ecology.
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CHAPTER ONE—INTRODUCTION

Background

Increasing human populations, finite natural resources, environmental
degradation and fragmentation, and concern over loss of species and climate
change have led to polarized values over the importance of wild lands, forest-
based employment, wood products, clean air and water, and healthy forests
(Harris 1984, Kohm and Franklin 1997, WWI 2009). This polarization has
been especially pronounced in the Pacific Northwestern U.S. where over-
harvesting of old-growth forest has led to greatly restricted timber harvesting
across public forest lands, growing controversy over state land management,
and increasing regulation and scrutiny of management activity on industrial
and other privately-owned forest lands (Arabas and Bowersox 2004, Thomas
et al. 1990, Tuchmann et al. 1996). Resolving conflict over the use and
management of forests will likely require a combination of scientific, social,
cultural, and political solutions (Berkes et al. 2003, Carey 2007, Pimentel et

al. 2000).

The basis for scientific solutions includes thorough understanding of how
ecosystems function in the face of both natural and anthropogenic change
(Lindenmayer and Franklin 2002). However, even after decades of research,

our understanding of forest ecosystems is still limited, especially given



the myriad species and ecological interactions involved. One approach to
effectively managing forests as we continue to advance our understanding
of these complex ecosystems is to find key organisms that represent the
general health and functioning of each system. This includes indicator
species (species that represent a particular ecosystem process or condition,
or that can be used as a proxy for forest health), keystone species (species
that have roles that appear out of proportion with their abundance and
distribution), and functional groups (groups of related species representing
trophic hierarchies within a community; Noss 1990, Paine 1969a, 1969b,
1995, Power et al. 1996). However, care must be taken in selecting the
organisms used to index change. Rare species can be difficult to study
(e.g., Molina et al. 2006). Common species can be generalists—adaptable
to a wide range of habitat conditions—and therefore, not necessarily
sensitive indicators (e.g., insensitivity of common deer mouse [Peromyscus
maniculatus; Wilson and Reeder 2005] to corridors; Mech and Hallett 2001).
Top-level predators often range widely and respond to landscape-level
variables, and thus may not respond to, or be measurable at, finer-scaled
management-unit levels (e.g., similarity of black bear [Ursus americanus]
home ranges across differently-managed landscapes; Koehler and Pierce
2003). At the opposite end of the spectrum, abundant, yet relatively sessile
species may respond to fine-scale changes (on the order of meters to tens
of meters), but not to coarse management-level scales (10s to 100s of
hectares) due to small home ranges or limited mobility (e.g., association
between mycorrhizal fungi diversity and distance to nearest tree; Luoma et

al. 2006). Thus, relative abundance, ecological scale, and trophic hierarchy
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are important considerations when choosing appropriate indicator species.

Northern Flying Squirrels

The northern flying squirrel (Glaucomys sabrinus) is a small, nocturnal
gliding rodent from the Family Sciuridae that is widely distributed and
common throughout boreal and northern temperate forests of North America
(Wells-Gosling and Heaney 1984). Flying squirrels occupy a central place

in complex food webs (Carey 2000a, Ransome and Sullivan 1997, Smith
2007, Waters et al. 2000, Weigl 2007, Weigl et al. 1992). In the Pacific
Northwest, this web includes a northern spotted owl (Strix occidentalis
caurina [A.O.U. 1998])-flying squirrel-fungi-conifer trophic heirarchy (Carey
et al. 1992). Flying squirrels are forest obligates and dependent on trees
for travel, dispersal, and food (Wells-Gosling and Heaney 1984). They also
appear especially sensitive to human-induced disturbances (Carey 2000b,
2001, Herbers and Klenner 2006, Holloway and Malcolm 2006, 2007, Waters
and Zabel 1995). Thus, flying squirrels might serve as useful indicators

for evaluating the ecological effects of forest management activities (Carey

2000a).

The flying squirrel may also be an important species for evaluating the
effectiveness of the Northwest Forest Plan, a series of documents that

have guided the direction of forest management practices in the Pacific
Northwest for more than 15 years (FEMAT 1993, USDA and USDI 19943,
1994b). At the heart of this plan is recovery of federally-threatened spotted

owl populations that have declined due to extensive harvesting of late-seral
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(e.g., old-growth) forest (USFWS 1990, 1992). Northern flying squirrels are
a primary food for spotted owls, comprising <50% of owl diets across much
of Oregon and Washington (Forsman 1984, Forsman et al. 1991). Spotted
owl home range size has been shown to decrease with increasing squirrel
densities (Carey and Peeler 1995, Carey et al. 1992, Zabel et al. 1995)
suggesting that understanding habitat needs and potential limiting factors

for flying squirrel populations may be critical to recovery of spotted owls and

their habitat across the region.

Literature Review

General Habitat

Flying squirrels are primarily found in conifer-dominated forests throughout
most of their geographic distribution, including spruce (Picea spp. [USDA
2008]) taiga forests at the edge of the Arctic Circle, Douglas-fir (Pseudotsuga
menziesii) rainforests in the Pacific Northwest, dry pine (Pinus spp.) forests in
the Rocky Mountains and interior west, and mixed-spruce forests of eastern
Canada and the U.S. (Arbogast 2007, Grodzinski 1971, Smith 2007, Weigl
2007, Wells-Gosling and Heaney 1984). Flying squirrels can also be found

in deciduous-dominated and mixed deciduous-conifer forest (Holloway and
Malcolm 2006, Menzel et al. 2006, Payne et al. 1989, Weigl 1968, 2007),
including ecotones between hardwood and conifer forest (Weigl 2007).

They are not found in areas devoid of trees (e.g., in clearcuts, meadows, or
volcanic blast zones; Anderson and MacMahon 1985, Andersen et al. 1980,

Gashwiler 1970, Tevis 1956).



Population studies suggest flying squirrels are most abundant in the Pacific
Northwest, with high-density populations (e.g., >2 squirrels per ha) found

in every Pacific Northwest state and province from northern California to
southeast Alaska (e.g., Carey et al. 1999a, Lehmkuhl et al. 2006, Meyer

et al 2007a, Ransome and Sullivan 2003, Ransome et al. 2004, Smith et

al. 2004, Waters and Zabel 1995). In general, older forests support more
squirrels than younger forests (Carey 1995a, Maser et al. 1985, Payne et al.
1989, Ritchie et al. 2009, Weigl 1978, Witt 1992) with estimates up to 3.2-
4.0 squirrels/ha for some coastal old-growth rainforests (e.g., Carey et al.
1992, Smith and Nichols 2003). However, not all old-growth forests support
high densities (e.g., Carey 1995a). Some young forests can also support
relatively high densities (e.g., 2.2-2.5 squirrels/ha; Lehmkuhl et al. 2006,
Rosenberg and Anthony 1992) or densities equal to those found in some
older forest (Ransome and Sullivan 2003, Ransome et al. 2004, Waters and
Zabel 1995). Squirrel abundances appear to be generally lower in eastern
U.S. and Canada forests compared to some Pacific Northwest forests, with
many studies reporting presence-absence or relative abundances rather than
actual abundance or density estimates (e.g., Bowman et al. 2005, O’Connell
et al. 2001, Ritchie et al. 2009, Weigl et al. 2002). Reported densities in the
east have been highest in spruce and mixed spruce forest (0.3-0.9 squirrels/

ha; Holloway and Malcolm 2006).

Several habitat components within forests have been associated with high-

quality flying squirrel habitat. These include understory cover (Carey et



al. 1999a, Pyare and Longland 2002), patch-level changes in vegetation
composition (Carey et al. 1999a), large snags (Carey 1995a, Holloway and
Malcolm 2006, Meyer et al. 2007b, Smith et al. 2004), large trees (Gomez
et al. 2005, Holloway and Malcolm 2006, Lehmkuhl et al. 2006, Smith et al.
2004), ericaceous shrubs (Carey 1995a), high canopy cover (Lehmkuhl et al.
2006, Meyer et al. 2007a), nearness to conifer or mixed-conifer forest (Ford
et al. 2004, Holloway and Malcolm 2007, Hough and Dieter 2009, Menzel

et al. 2006, Payne et al. 1989), nearness to water in xeric forest (Meyer et
al. 2007a), abundant coarse woody debris (Carey et al. 1999a, Smith et al.
2005), large coarse woody debris (Gomez et al. 2005), increased litter depth
(Meyer et al. 2007a) and availability of fungi (Carey 1991, 1995, Carey et al.
1992, 1999a, Holloway and Malcolm 2007, Lehmkuhl et al. 2004, Pyare and

Longland 2002, Rosenberg and Anthony 1992, Smith et al. 2004).

Reproductive Potential

It has been hypothesized that nocturnality and gliding have energetic costs
that promote primarily K-selected traits for flying squirrels, including a
lower basal metabolism than non-gliding arboreal sciurids, a long period of
maternal investment, slow growth and maturation, and relatively large mass
for neonates (Stapp 1992). However, two different reproductive strategies
have been observed in northern flying squirrels in the Pacific Northwest. In
high-density populations, reproduction was primarily by older (2+ year-old)
females whereas in low-density populations, virtually all females, regardless
of age, showed advanced signs of reproduction each year (Villa et al. 1999).

This suggests that flying squirrels may have evolutionary adaptations that
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allow for a K-strategy potential, but they also appear capable of using an
r-strategy in response to unfavorable habitat conditions (MacArthur and

Wilson 1967, Pianka 1970).

Northern flying squirrels generally produce 1 litter of 1-4 offspring per year.
In contrast, other sciurids can have multiple litters per year, especially when
food resources are abundant (e.g., Douglas’ squirrels; Smith 1968, Wells-
Gosling and Heaney 1984). The breeding season can vary from year to year
and by geographic location with most litters born in the spring and summer
(Davis 1963, Reynolds et al. 1999, Villa et al. 1999, Weigl et al. 1992), with
some evidence of occasional fall births (e.g., Raphael 1984, Vernes 2004).
Males are capable of reproducing from early February through August in the
Pacific Northwest whereas females generally come into estrus in May and
June (Forsman et al. 1994, Villa et al. 1999). Flying squirrels are highly
promiscuous—females mate with multiple males and give birth to litters of

mixed paternity (Wilson 2000, 2003).

Flying squirrel population fluctuate in abundance both within and across
years (Carey 2001, Fryxell et al. 1998, Keith and Cary 1991) with large
variations observed in annual survival rates (e.g., 32-68%, Gomez et al.
2005; 0-58%, Villa et al. 1999). In general, young squirrels have higher
mortality rates than adults, with reports of few adults living > 7 years (Villa

et al. 1999).



Movement Patterns and Behaviors

Flying squirrels use a combination of gliding, climbing, and hopping when
moving outside the den. The forearm and patagium musculature of flying
squirrels, along with tail-to-body-length ratios that are greater than other
Sciurids, allow for relatively high maneuverability while gliding, including
the ability to make sharp turns (up to 180°) when needed (Hampson 1965,
Hayssen 2008, Thorington and Heaney 1981). Reported average glide
angles have varied, likely due to both the height of the launch tree and
specific landing targets (e.g., 27 degrees below horizontal, Vernes 2001; 36-
44 degrees, Scheibe et al. 2006). Sharp claws and dexterity in both front
and hind feet allow for vertical travel on tree boles that vary widely in bark
rugosity and diameter as well as horizontal travel across small fine branches
between connecting tree canopies. Flying squirrels appear least adapted to
moving across the forest floor, and often use a combination of hopping and

running to negotiate through understory vegetation (personal observations).

Flying squirrels are nocturnal and focus most activity outside the den
between dusk and dawn (Radvanyi 1955). They have several nocturnal
adaptations, including rod-dominated retina that promote light-sensitive
vision, and the largest vibrissa length-to-head-width ratio of any squirrel
species which can aid in detection of objects near the face (Ahl 1987,
Carvalho et al. 2006, Walls 1942, Yolton et al. 1974). Onset of activity
appears to be triggered by an internal biological pacemaker and degree of
light (DeCoursey 1990, Radvanyi 1955, Ferron 1983a). Flying squirrels are

reported to have two activity periods, with the primary period beginning



shortly after dusk, followed by a second, shorter activity period later in the
evening (Weigl and Osgood 1974). A decline in activity on nights around a
full moon has been reported in captive squirrels (Radvanyi 1955). During

winter, temperature can be a key factor in reducing activity (Ferron 1983a,
Cotton and Parker 2000a). Anecdotal observations suggest occasional, but

rare, diurnal activity (Wells-Gosling and Heaney 1984).

Most space-use studies of flying squirrels have been based on estimating
home ranges using periodic triangulation of radio-collared squirrels (Holloway
and Malcolm 2007, Martin and Anthony 1999, Menzel et al. 2006, Mowrey
and Zasada 1984, Urban 1988, Weigl and Osgood 1974, Weigl et al. 1992,
Wilson et al. 2008, Witt 1992). Reported home range estimates have varied
widely (ca. 3-60 ha), with males generally having larger home ranges than
females (Holloway and Malcolm 2007, Martin and Anthony 1999, Menzel et
al. 2006, Urban 1988, Witt 1992). In the Pacific Northwest, home range size
was found similar between two old-growth forests and two second-growth
forests in the western Oregon Cascades where population densities were
similar (Martin and Anthony 1999). Few studies have continuously monitored
northern flying squirrels while they engage in activity outside the den (e.g.,
Mowrey and Zasada 1984). Other free-ranging flying squirrels have been
continuously monitored during nocturnal activity periods (e.g., Siberian flying

squirrel Pteromys volans; Selonen and Hanski 2006).

Information on space use has also come from calculating the mean maximum

distance moved (MMDM) between successive trap stations to measure of



home range diameter (Otis et al. 1978, White et al. 1982). MMDMs may
reflect the diameter of core foraging areas rather than total home range
diameter (Carey 2000b, Holloway and Malcolm 2007, Skalski and Robson
1992, Witt 1992). MMDM was found to be smaller in Oregon Coast Range old
forest with high squirrel densities (mean £ SE, 87 £ 2 m) compared to young
forest with low densities in the Puget Trough (116 £ 13 m; Carey 1995a,
2000b). In the Oregon Cascades, MMDM values between squirrel populations

in young (87 £ 7 m) and old (84 £ 6 m) forest were similar, as were squirrel

densities (Rosenberg and Anthony 1992).

Limiting Factors for Flying Squirrels

Several major limiting factors have been proposed for flying squirrels
apart from permanent removal of forest or forest fragmentation due to

urbanization and agricultural development.

Food

Food is the most commonly cited limiting factor for flying squirrels (Carey
1995a, Lehmkuhl et al. 2004, Maser et al. 1986, Pyare and Longland 2002;
Smith et al. 2004, Ransome and Sullivan 1997, 2004, Waters et al. 2000).
Flying squirrels consume a wide variety of foods including fungi, nuts, seeds,
fruits, buds, bird eggs, cones, insects, and sap (Maser et al. 1985, Carey
1991, 1992, Colgan et al. 1999, Flaherty et al. 2000, Lehmkuhl et al. 2004,
Meyer et al. 2005, Pyare and Longland 2001a, Thysell et al. 1997, Weigl
1968, Weigl et al. 1992, Wells-Gosling and Heaney 1984).
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Hypogeous (truffles) and epigeous (mushrooms) fungi appear to dominate
squirrel diets in the Pacific Northwest (Carey et al. 2002, Colgan et al.
1999, Jacobs and Luoma 2008, Lehmkuhl et al. 2004, Maser and Maser
1988, Maser et al. 1986, Trappe et al. 2009) and several studies have made
positive associations between squirrel abundance and fungi (Lehmkuhl et
al. 2006, Pyare and Longland 2002, Waters and Zabel 1995). Fungi have
been found in diets year-round (Maser et al. 1978, 1985, 1986) and many
fungi rely on mycophagists like flying squirrels to help enhance germination
and disseminate spores through defecation (Cork and Kenagy 1989, Li et
al. 1986). Eating a variety of fungal species may help compensate for any
nutritional deficiencies found in any single fungal species (Trappe et al.

20009).

Non-fungal foods may also be important to flying squirrels. In western
Washington, several direct observations were made of squirrels eating

foods that included Douglas-fir seeds and seedlings, big-leaf maple (Acer
macrophyllum) samaras, black cottonwood (Populus trichocarpa) catkins, and
salal (Gaultheria shallon) berries (Thysell et al. 1997, this study). Lichens
can also be a significant component of winter diets, especially where snow
restricts foraging on the ground (Mckeever 1960, Rosentreter et al. 1997).
These non-fungal foods may provide a nutritionally-balanced diet across
seasons and from year to year, especially as northern flying squirrels are

not known to store foods like other squirrels (Weigl 2007). However, unlike

fungal spores which pass through the digestive tract intact, most non-fungal

11



foods are highly digestible making them difficult to detect during micro-

histological analyses (McIntire and Carey 1989).

Free-ranging flying squirrel populations have increased in abundance after
short-term food supplementation (Ransome and Sullivan 1997, 2004).
Other squirrels are known to fluctuate in response to food availability (e.g.,
Douglas’ squirrels, Smith 1970, Sullivan 1990, Sullivan and Sullivan 1982;
eastern gray squirrels, Gurnell 1996). Food can be difficult to sample in the
field, especially give the spatial and temporal scale at which ephemeral foods
like fungi occur, and it is not unusual to have fungal species showing up in
squirrel diets that are not detected during simultaneous field sampling (e.g.,
Carey et al. 2002, Lehmkuhl et al. 2004, Pyare and Longland 2001b). Many
studies have used an indirect approach to evaluating the importance of food
by measuring plant species diversity or presence or abundance of taxa that
have known mycorrhizal associates (e.g., Carey 1995a, Carey et al. 19993,

Lehmkuhl et al. 2006).

Dens

Squirrels use two general types of dens while resting or sleeping during the
day—cavities in both live and dead (e.g., snags) trees, and external nests
constructed on suitable platforms (e.g., large limbs, epicormic branching,
irregular forking, witch’s broom; Bull et al. 2004, Carey et al. 1997,

Cotton and Parker 2000b, Mowrey and Zasada 1984). Dens can be lined
or constructed from sticks, moss, lichens, bark, and leaves (Hayward and

Rosentreter 1994, Patterson et al. 2007, Wells-Gosling and Heaney 1984).
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Several studies suggest that cavity dens may be an important limiting

factor for flying squirrels. For example, snags were found to be used more
frequently than other den structures in southeast Alaska (e.g., Bakker and
Hastings 2002). Cavities in both live and dead trees were found important in
young and old forest in western Oregon and Washington (Carey et al. 1997).
Cavity dens may be especially important for raising young—in forests where
external nest use was common, females switched to using small snags, well-
decayed residual stumps (<2 m tall), or nestboxes to raise offspring (Carey
et al. 1997, Carey 2002). There is also likely competition for cavity dens
with more aggressive species including mustelids, owls, and other squirrels
(Carey et al. 1997, Holloway and Malcolm 2006, Laudenslayer et al. 2002,

Ruggiero et al. 1991, Smith et al. 2004).

Squirrels readily use nestboxes (Carey 2002, Carey et al. 1997, Maser et al.
1981, Ransome and Sullivan 2004, Reynolds et al. 1999). However, adding
nestboxes or artificial cavities to forests that lacked cavity dens has not been
shown to increase population levels, at least in the short term (Carey 2002,
Ransome and Sullivan 2004). Also, some studies show higher use of external
nests than cavity dens in some forests, regardless of geographic location or
climate (Carey et al. 1997, Cotton and Parker 2000b, Mowrey and Zasada
1984, Hackett and Pagels 2003). The capacity to build and use nests year-
round may be an important adaptive trait for exploiting young forests with

few cavities (Carey et al. 1997).
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Flying squirrels are highly social and typically den in mixed-sex groups
comprised of 2-5 individuals, although up to 9 individuals have been reported
using a single den (Banfield 1974, Carey et al. 1997, Wells-Gosling and
Heaney 1984). These group sizes are relatively small compared to southern
flying squirrels which can den in groups of >20 (Muul 1968, Stapp et al.
1991). Group denning in Glaucomys may be, at least in part, social behavior
that is an evolutionary consequence of energy conservation (Layne and
Raymond 1994). Females leave group dens to give birth and initially raise
litters in isolation from other adults (Carey et al. 1997). Den mates could

be genetically related, but limited investigation into nesting and kinship for
northern flying squirrels has been inconclusive (Wilson 2000). Microsatellite
DNA analysis suggests that adult southern flying squirrels do not nest in
family groups (Winterrowd et al. 2005). Northern flying squirrels switch dens
on a frequent basis (on average, 2-4 times per month) but can also remain
in the same den for several months at a time (Carey et al. 1997, Cotton

and Parker 2000b). No clear association exists between frequency of den
switching and type of den or den structure, but in one study, the structures
used for the longest periods of time by groups of squirrels were large snags
and large live trees supporting cavities (Carey et al. 1997). Both of these
structures have been associated with high quality squirrel habitat (Carey
1995a, Gomez et al. 2005, Holloway and Malcolm 2006, Lehmkuhl et al.
2006, Meyer et al. 2007b, Smith et al. 2004). Den switching could be related
to predator avoidance, social needs, or a response to a build-up of parasites

in the den (Carey et al. 1997).
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Competition

Flying squirrels compete with other arboreal rodents for many of the same
food, den, and cover resources (Harestad 1991, Smith and Balda 1979,
Thysell et al. 1997, unpublished data). Early experimental studies of the
threatened subspecies of northern flying squirrel, G. sabrinus coloratus,

in the Appalachians suggested that competition with the more aggressive
southern flying squirrel (G. Volans) may have restricted habitat to conifer-
dominated mountain tops (Weigl 1978, Weigl et al. 1992). Subsequent
research into the habitat preferences between these two species, however,

suggests that competition may be limited (Bowman et al. 2005, Weigl 2007).

In some coastal temperate forests of the Pacific Northwest (British Columbia,
Washington, and Oregon), flying squirrels can co-exist in high abundance
with a suite of other arboreal and semi-arboreal rodents, including Douglas’
squirrels (Tamiasciurus douglasii), western gray squirrels (Sciurus griseus),
Townsend’s chipmunks (Tamias townsendii), woodrats (Neotoma spp.),

red tree voles (Arborimus longicaudus), and deer mice (Peromyscus spp.).
These forests may allow for niche diversification that reduces competition for
resources (Carey et al. 1999a). Other forests in this region are dominated by
only one of these species (Carey 1995a, 2000b, 2001, Carey et al. 1999a),
with flying squirrel populations reaching high levels when other Sciurids are

absent (e.g., some islands in southeast Alaska; Smith and Nichols 2003).

Flying squirrels are not as vocal as other squirrels and are therefore thought

not to be strongly territorial (Jackson 1961, Smith 1970, 1978). However,
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flying squirrels have used cheek rubbing of their scent glands and laid
scent trails using droplets of urine when introduced to new surroundings
in captivity (Ferron 1983b, Hampson 1965). These behaviors are not
only useful for orientation, but also may serve as a passive strategy for

addressing intra- or inter-specific competition (Ferron 1983b).

Predation

Complex interactions between predators and mammalian prey may regulate
prey population levels (e.g., Hanski et al 1993, Turchin 1993) and predation
has been a regularly hypothesized limiting factor for flying squirrels (Carey
2000b, Carey et al. 1992, 1997, 1999a, Rosenberg and Anthony 1992,
Smith 2007, Waters and Zabel 1995, Wilson and Carey 1996). However,
few studies have provided direct empirical evidence in support of the relative
importance of predation in limiting squirrel populations. Radio-telemetry
studies in non-urban forests of western Washington showed that predation
from weasels and owls accounted for virtually all mortality (Wilson and Carey
1996, this study). Studies of squirrel populations within known spotted owl
territories have also suggested high squirrel mortality during owl breeding

years in some forests (Carey et al. 1992).

The association between northern spotted owls and flying squirrels has
received the most attention in the Pacific Northwest, but numerous other
avian and mammalian predators prey on flying squirrels in this region.
These include medium to large owls (e.g., screech owls [Megascops spp.],

barn owls [Tyto alba], barred owls [Strix varia], spotted owls, boreal owls
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[Aegolius funereus], great horned owls [Bubo virginianus], and great gray
owls [Strix nebulosa]) and mustelids (long-tailed weasels [Mustela frenata],
ermine [Mustela erminea], marten [Martes americana], and fishers [Martes
pennanti]; Arthur et al. 1989, Bull 2000, Forsman 1976, Forsman et al. 1984,

Teeple 1983, Wilson and Carey 1996).

Forest structure (defined here as the collective above-ground, bio-physical
structural components of a forest that include tree boles and canopies, shrub
and herbaceous plant layers and coarse woody debris) may play an important
role in regulating predation. For example, understory vegetation can provide
protective cover for squirrels while they are foraging on the ground (Carey
1995a, Holloway and Malcolm 2007, Pyare and Longland 2002, Smith et al.
2005). Likewise, tree canopies may serve as important arboreal protective
cover (Carey 1991, Carey et al. 1999a, Meyer et al. 2007a, Pyare and
Longland 2002). Positive associations between squirrel density and canopy
cover have been made in some (e.g., Lehmkuhl et al. 2006, Waters and

Zabel 1995), but not all (e.g., Ransome et al. 2004) forests.

Parasites and Disease

Flying squirrels are host to a wide range of parasites common to small
rodents, including fleas, ticks, lice, nematodes, mites, and chiggers (Foley et
al. 2007, Weigl 1968, Wetzel and Weigl 1994, Whitaker et al. 1983). Endo-
parasites have caused squirrel mortality in the Appalachians (Weigl 1968,
2007). In the Pacific Northwest, regional outbreaks of mange (Notoedres

centrifera) have caused high western gray squirrel mortality (Cornis et al.
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2001). However, there have been no published reports of flying squirrel

mortality or outwards signs of stress (e.g., hair loss) due to either parasites
or diseases in the Pacific Northwest, in spite of numerous long-term studies
in the region. Given the extensive tracts of contiguous forest in this region,

disease may only play a localized role in limiting squirrel populations.

Problem Statement

Collectively, the body of knowledge on the biology and ecology of northern
flying squirrels has substantially grown over the last several decades.

However, there are several issues that still remain unresolved—issues that
are critical for determining the usefulness of flying squirrels as an index to

forest management.

Problem 1.—Negative Effects of Management Activities

Most studies suggest that tree removal (e.g. thinning) has negative effects
on squirrel populations, at least in the short term (Bull et al. 2004, Carey
2000b, 2001, Herbers and Klenner 2007, Meyer et al. 2007a, Holloway and
Malcolm 2006, 2007, Ransome et al. 2004, Waters and Zabel 1995, Waters
et al. 2000). One reported exception was young (17-yr old), highly-stocked
(27600 stems/ha) lodgepole pine forest (Ransome et al. 2004). The few
studies that have reported no significant effects of thinning still generally
show higher capture rates or abundance estimates in unthinned stands
compared to thinned stands (e.g., Gomez et al. 2005, Ransome and Sullivan

2002).
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Negative effects of thinning could be due to several factors, including:

(1) immediate disruption in the form of noise or human presence during
activities such as the operating of heavy equipment around squirrel dens
that cause squirrels to leave the area; (2) permanent removal of habitat
components, including dens and trees that provide protective cover and
substrate for locomotion; (3) temporary removal of understory vegetation
due to the mechanical effects of logging equipment; and (4) removal of tree-

related food sources, including fungi, lichens, catkins, and samaras.

Several large-scale thinning studies have been established to develop and
test new silvicultural strategies for meeting long-term Northwest Forest Plan
objectives, including providing habitat for spotted owls (Poage and Anderson
2007). One of these, the Forest Ecosystem Study (hereafter, FES) tests

the efficacy of using variable-density thinning in young, structurally simple
second-growth forests to accelerate important ecological processes that lead
to the development of structurally complex forest needed by spotted owls
(Carey et al. 1999b; Carey 2003). The variable-density thinning prescription
used on the FES focused on two ecologically relevant scales: (1) small (inter-
tree) canopy gaps found important in creating structural complexity (defined
here as the relative quantity, arrangement and composition of structural
components in multi-dimensional forest space) in naturally-occurring mature
forest (Spies et al. 1990) and (2) patch-level understory variation at a 40-
80m scale found in structurally and biologically complex old forest (Carey

et al. 1999a). Short-term (3-5 year post-thinning) population responses to
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variable-density thinning were positive for most forest-floor small mammals,
songbirds, and understory plants (Carey and Wilson 2001, Haveri and Carey
2000, Palazzotto 2005, Thysell and Carey 2001). Flying squirrel populations
declined after variable-density thinning was applied, but then recovered
(compared to controls) within 3-4 years (Carey 2000b, 2001). However,
both pre- and post-treatment flying populations were low (0-1 squirrels/ha)

compared to complex forest in the region.

Thus, attempts to actively manage forests by removing trees have generally
not favored flying squirrels, at least in the short term, and there is need to
better understand how practices like variable-density thinning, a silvicultural
tool that is being used widely across the region to promote development of
complex forest, influence flying squirrel populations over the long term. This
not only includes continued monitoring of squirrel populations in response

to variable-density thinning, but also better understanding of why squirrel

populations decline after forests are thinned.

Problem 2.— Methodology

Almost every study evaluating flying squirrel habitat has been based on top-
down population-level approaches that focus primarily on where squirrels
are found in horizontal space. These include captures in live traps, nest

box surveys, and radio-telemetry studies of home range or den locations.
These approaches have added significant insight into our understanding of
the biology and ecology of flying squirrels but they may not be sufficient for

fully evaluating limiting factors. One primary reason is that population-level
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studies provide little information about how individual squirrels are using
multi-dimensional forest space while active outside their dens. Techniques
like live-trapping only capture a small portion of a squirrel’s space use—
activity on the forest floor that may be, in part, a behavioral response to bait
in traps (e.g., trap “happiness” or “shyness”; White et al. 1982). Trapping
data also does not provide information about how a squirrel arrived at a trap,
how much time a squirrel spent near a trap, or how important that location
was relative to locations or time spent elsewhere during its activity period.
This is especially problematic for an arboreal species like flying squirrels as
important above-ground habitat components could be missed. It could also
lead to an overly narrow focus on the importance of forest-floor resources at

or near trap stations (e.g., fungi, understory vegetation).

Likewise, most radio-telemetry studies evaluating space use have focused
on obtaining home range estimates (e.g., Holloway and Malcolm 2007,
Hough and Dieter 2009, Martin and Anthony 1999, Urban 1988, Weigl and
Osgood 1974, Weigl et al. 1992, Witt 1992), usually limiting observations
to indirect, two-dimensional triangulated points (several locations per night
to one location per every several days) to avoid autocorrelation (Swihart
and Slade 1985). There are several concerns with such an approach. First,
simple Euclidean-based home range estimates (e.g., minimum convex
polygons) assume there are no differences in quality of space being

used, and can misrepresent habitat relationships when important habitat
components are patchily distributed (Mitchell and Powell 2008). Second,

home range estimates provide no information on how space is actually being
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used—they do not take into account, for example, individual behaviors or
movement patterns. Third, higher-order organisms like mammals do not
move randomly through space—factors like memory and physiological need
help determine future behaviors (Adams-Hunt and Jacobs 2007). Therefore,
autocorrelation is a fundamental component of most animal movement
patterns and behaviors. Fourth, home range estimates only reflect
movement within a two-dimensional horizontal plane, yet flying squirrels use
all of the multiple dimensions of a forest, from denning in substrates that can
be high in the canopy of trees, to gliding between trees from the canopy to

the forest floor, to digging truffles on the forest floor.

One alternative to using home range is to describe movement paths and
behaviors based on continuous-tracking (e.g., homing) of individuals. Such
direct observations of movement are advantageous in that environmental
cues that affect movement can be more readily observed, and thus,
mechanisms of observed patterns can often be generated more quickly
compared to using indirect observations (Turchin 1998). However, evaluating
the three-dimensional space used by animals can be costly and challenging
(Waser and Wiley 1979, this study). The logistics, training, and technique
development to follow nocturnal animals like flying squirrels is especially
prohibitive and limited efforts have been made to closely follow squirrels
while they are active outside their dens (e.g., Mowrey and Zasada 1984, Witt
1992). One of the few published telemetry studies to continuously-track
squirrels occurred in interior Alaska where three females were followed for

one night each (Mowrey and Zasada 1984). Tracking was aided by direct
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visual observation due to long daylight hours at that latitude.

Better understanding of individual movement and behaviors is also important
in that population-level properties emerge from the interaction of individuals,
and natural selection operates on the individual, not populations (Grimm and
Railsback 2005, Lomnicki 1992). A more holistic understanding of potential
limiting factors affecting flying squirrels may therefore require study at both

the individual and population levels.

Problem 3.— Forest Classification and Structural Complexity

Although most studies show that older forests generally support more flying
squirrels than younger forest, there are still several exceptions that suggest
that habitat needs for flying squirrels are not fully understood. Related,
there also appears to be no ubiquitous measures capable of separating
high-quality squirrel habitat from low-quality habitat. Part of this issue is
that it is difficult to synthesize information from past studies given the wide
variation in questions being asked, hypotheses tested, sample sizes, study
designs, field methodologies, analytical approaches, and magnitudes of
squirrel abundances found. For example, diverse rationales have been given
to explain the presence and abundance of squirrels in forest other than old
forest, including the importance of legacy trees and snags in young forests
that may provide old-growth-like conditions (Carey 1995a), concerns over
sampling methodology (Carey 1995a, 1995b, Rosenberg et al. 1994), use of
appropriate density estimators (Rosenberg et al, 1995, Ransome and Sullivan

2003), and that flying squirrels are forest generalists, with the plasticity to
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survive under a wide range of ecological conditions (Rosenberg and Anthony

1992, Smith 2007, Smith et al. 2005, Wheatley et al. 2005).

Understanding habitat needs of flying squirrels may also be confounded by
the large variation in structural complexity found in Pacific Northwest forests.
For example, older forests vary markedly in their complexity across a range
of spatial scales, from small patches of trees to entire landscapes (Carey et
al. 1999a, Franklin et al. 2002, 2005, Lindenmayer and Franklin 2002, Spies
and Franklin 1991) making it difficult to quantify such forests (NCSSF 2008).
Likewise, the amount of legacy structural components (retained old trees,
snags, and large fallen trees leftover from a previous forest), can vary widely
in young forests, depending on harvest prescription or the size and scale of
natural stochastic events (Franklin et al. 2005). Thus, if there are limiting
factors associated with the structural (and related biological) complexity of a
forest, they would not necessarily be captured by grouping and contrasting
forests based on age (e.g., young vs. old) or through evaluation of a few
forest types—both of these strategies have been commonly used in the

past to evaluate squirrel habitat. Visits to many of the flying squirrel study
sites used in the Pacific Northwest also suggest that the wide variation in
within-stand structural complexity unique to each forest cannot always be

appreciated by simply reading published literature (personal observations).

Better quantification of structural complexity may help resolve some of
these issues, and could lead to better measures of high-quality squirrel

habitat. One option is to classify stands based on ecological stages of forest
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development (Carey 2003, Carey and Curtis 1996, Franklin et al. 2002)

but natural disturbance events (e.g., wind, ice, fire, disease) occur across

a wide gradient of scales and make stand-level classification into a specific
stage difficult, especially for old forests that have a long history of natural
disturbances (e.g., Olympic Peninsula; Henderson et al. 1989, personal
observations). Underlying forest development stages, however, are four
ecological processes that have been suggested as the primary drivers in
shaping forest structural complexity: (1) canopy stratification—the process
whereby trees differ in age and growth habits and provide multiple forest
layers in the midstory and overstory; (2) decadence—the process of decay
and decomposition of both live and dead wood that provide benefits such as
cavities for wildlife, substrates for fungi, and soil nutrients; (3) crown-class
differentiation—the process of competition among tree cohorts that leads
to dominant and subordinate trees; and (4) understory development—the
process whereby variability in light, temperature, moisture, and growing
space provide structurally-diverse growth on the forest floor (Carey 2003).
Several of these processes were important analysis-generated predictors

of flying squirrel habitat in the Oregon Coast Ranges (Carey et al. 1999a).
More importantly, however, is that each structuring process continuously
operates at some level within any forest, regardless of forest type or pattern
and scale of past disturbance. Additionally, the effects of these processes
on forest structure can be readily quantified, suggesting that measures

of ecological processes may be more useful in classifying stands for their
relative structural complexities than using forest development stages, ages,

or otherwise few classification groups.
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Problem 4.—Analysis of Limiting Factors

Although there is growing consensus over many aspects of the biology,
ecology, and adaptations of flying squirrels (e.g., Carey 2000a, Smith

2007, Weigl 2007) there have been few studies that explicitly evaluate
relationships between habitat components and potential underlying limiting
factors regulating squirrel populations. A clearer understanding of these
relationships is needed because it can provide stronger ecological context
and rationale for why specific habitat components are important. It could
also help reconcile some of the results from past studies that have found
different habitat components to be important across different forests and
study sites. For example, one habitat component can be associated with
more than one potential limiting factor, such as large live trees providing both
den substrates and food resources. Conversely, multiple habitat components
can be associated with one limiting factor suggesting the possibility of
substitution among habitat components (e.g., both understory cover and
large woody debris providing protective cover from predators while squirrels

are foraging on the forest floor).

The hierarchical relationships among limiting factors may also be important
in evaluating habitat components within and across sites. There are several
possible relationships: (1) one factor could dominate other factors due to a
habitat component in limited supply (Liebig’s law of the minimum; Blackman
1905), or habitat component with the narrow tolerance range (Shelford’s law
of tolerance; Shelford 1913), (2) two or more factors could dominate due

to their strong interactions (e.g., dominant interactions; Paine 1992), or (3)
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multiple factors could be important, but hierarchical (limiting hierarchies;
Berryman et al. 1987). These relationships among factors could hold true
across the squirrel’s geographic range, or could be site specific and thus,
confound the ability to develop ubiquitous measures of high-quality squirrel

habitat.

Analyses of relationships among habitat components and limiting factors may
also lead to better understanding of how best to manage both flying squirrel
and spotted owl habitat. However, such analyses require an approach that
can model specific relationships among potential simultaneous influences,

a limitation of traditional univariate and multivariate models (Bollen 1989,
Grace 2006). Structural equation modeling (SEM) is a statistical framework
based on analysis of covariances that combines conventional analytical
techniques (e.g., general linear model, factor analysis) into multivariate,
systems-based models. SEM originated from path analysis (e.g., Wright
1934), and has been gaining a foothold in natural science disciplines (Grace
2006). Modern SEM has several advantages over traditional univariate

and multivariate analyses, including (1) the acceptance of inter-correlated
variables; (2) full use of data by estimating unstandardized parameters
(traditional regression only analyzes standardized [e.g., correlation]
parameters which represents a loss of information); (3) both individual
indicators as well as overall model fit can be evaluated; (4) there is allowance
for multiple indicators per factor which can help reduce measurement errors;
(5) non-normal data, dichotomous outcomes, and relatively small sample

sizes can be analyzed through the use of Bayesian estimation techniques;
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(6) model building is initiated with a conceptual model based on theory

and ecological rationale which can help reduce spurious conclusions due to
statistical chance; and (7) SEM software provides a graphical interface that
allows for purposeful decision-making when specifying individual relationships
among variables during model building and greater visual inspection of
ecological assumptions going into each model compared to using equations

alone (Grace 2006, Kline 2005).

Study Objectives and Hypotheses

My overall goal for this study was to add to the understanding of the biology
and ecology of northern flying squirrels so that their usefulness as an index
of forest management activities can be better understood and applied,
including managing habitat for spotted owls. To address each of the

problems above, I focused my study on four broad objectives.

Objective 1: To evaluate the mid-term responses of squirrel
populations to variable-density thinning designed to improve habitat
conditions for squirrel and spotted owils.

My first objective was to determine if populations on the Forest Ecosystem
Study remained depressed, as previously reported (Carey 2000b, 2001,
Carey et al. 1999b), or if conditions had become more favorable for squirrels
a decade after variable-density thinning was applied. Because squirrels in
treated stands had apparently recovered to control levels within 5 years

of treatment (Carey 2001), my working hypothesis was that, if food were

28



important, flying squirrel populations on treated stands should continue to
increase and surpass those of control stands, given that the plant diversity
on treated stands continued to increase relative to control stands (Aukema
and Carey 2008), and would therefore provide greater abundance and
diversity of food resources, including associated fungi. Other sciurids could
also increase in response to variable-density thinning. I expected this would
be the case for chipmunks, as by 1998, chipmunk populations were rapidly
increasing in response to increasing understory development (Carey 2001).
Douglas’ squirrel abundance could also increase due to increased abundance
of mast-producing shrubs, but because their populations have been shown
to vary over time in response to conifer seed supply (Buchanan et al. 1990,
Smith 1970, Sullivan and Sullivan 1982), I expected to see larger annual

fluctuations in Douglas’ squirrels compared to other sciurids.

An alternate outcome would be that flying squirrel populations remain
depressed on treated stands after 1998, but not necessarily on control
stands. Niche expansion for chipmunks or Douglas’ squirrels could lead

to direct competition for resources like food or dens important to flying
squirrels (e.g., competitive exclusion; Gause 1934, Hardin 1960). Increased
abundance of other prey species that responded favorably to variable-density
thinning (mice and voles; Carey and Wilson 2001, unpublished data) could
also attract predators and lead to opportunistic predation of flying squirrels

(e.g., Holt 1984).

A third outcome would be that flying squirrel populations on both treated
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and control stands remained depressed. This could be the result of spillover
predation (e.g., Oksanen et al. 1992) by predators that were attracted to
increased prey on treated stands but also foraged over broader areas that
included control stands. It could also be a response to seasonal, annual,

or longer-term (e.g., el nifo) changes in moisture, temperature, and plant
phenology that limited food availability over time and kept populations low

across the broader region (Fretwell 1972).

Objective 2: To gain better understanding of how squirrels use forest
space.

My second objective was to explore space use of individual flying squirrels

to (1) better understand both the spatial and temporal scales at which
individual squirrels use multi-dimensional forest space, (2) provide context
for interpreting live-trapping data, and (3) strengthen the ecological rationale
for building habitat models that could test the relative importance of limiting
factors for squirrel populations (see objective #4). I developed and used a
continuous-tracking radio-telemetry methodology to follow squirrels through
the woods while they were active outside their dens as an alternative
approach to home-range study and as a complementary approach to my

population-level study of flying squirrels.

Movement patterns and behaviors could be primarily driven by a need for
obtaining food. If this were true, I would expect to observe behaviors that
suggested squirrels minimized energetic costs associated with obtaining food

(e.g., optimal foraging strategy; MacArthur and Pianka 1966), such as (1) a
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foraging pattern with a bivariate normal distribution centered on dens (e.g.,
central place foraging; Orians and Pearson 1979), (2) a positive relationship
between either the time spent or distance covered to reach foraging sites
compared to the time spent at foraging patches (e.g., diet and patch models,
Stephens and Krebs 1987; Marginal Value Theorem, Charnov 1976), (3)
seasonal shifts in foraging areas to capitalize on seasonally-available foods
(Fretwell 1972), and (4) less effort (time or distance travelled) needed

to meet energy demands in high-quality habitat compared to low-quality

habitat.

However, like other prey species, flying squirrels may need to keep predation
risk low while foraging, given the catastrophic consequences (Brown and
Kotler 2007). Therefore, if a predation-mediated foraging strategy was being
used by squirrels, evidence of risk avoidance should be observable in feeding
behavior (Anderson 1986, Jacob and Brown 2000). Such behaviors might
include (1) activity centered away from the den to reduce detection of the
den where squirrels are vulnerable and spend most of their time, (2) use of
multiple, widely-spaced activity sites each night with limited time spent at
each site to minimize detection, (3) movement patterns that keep squirrels
near protective cover when possible, and (4) less risky movement patterns
observed during the winter when squirrel predation is highest (Villa et al.

1999, Wilson and Carey 1996).
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Objective 3: To sample flying squirrel populations and habitat
components across forests in western Washington that varied widely
in structural complexity.

As an expansion of previous research on habitat relationships for flying
squirrels in the region (Carey et al. 1999a), my third objective was to sample
forests that varied widely along several gradients of structural complexity,
much wider than had been attempted in the past, to (1) determine if
forest-structuring processes, or the habitat components these processes
create, could used as ubiquitous predictors of habitat quality for flying
squirrels across the structurally-diverse forests found in the region; (2) help
distinguish among stands in their ability to support high- or low-density
populations; (3) put results of the FES study within broader regional context;
and (4) determine whether some of the results found in past studies may
have been constrained by limits in structural complexity sampled or due to
some overall persistent environmental limitation (e.g., mild temperatures
and high rainfall on the Olympic Peninsula resulting in dominance by shade-

tolerant, low-mycorrhizal-diversity conifer species; Carey 1995a).

I hypothesized that forest structuring processes, or the habitat components
they help create, could explain squirrel abundances across the region. If this
were true, then I would expect to see significant relationships between and
among ecological processes or habitat components and squirrel populations
across my study sites. Because of the wide gradients in forest conditions
sampled, I also hypothesized that some habitat components found important

across multiple past studies in the Pacific Northwest (e.g., large live trees
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and shags) should also show up as being important predictors in my study.
Results from Carey et al. (1999a) suggested that study at multiple scales
may also be important, so I focused my analysis at both the individual

(hereafter, patch) and population (hereafter, stand) level scales.

Objective 4: To evaluate the relationships and relative importance
among habitat components and limiting factors influencing squirrel
populations.

I used a structural equation modeling approach to examine four limiting
factors that appear to have the greatest potential to regulate flying squirrel
populations in contiguous Pacific Northwest forests—food, competition, dens,
and predation as a way to (1) provide ecological context for why processes
and habitat components might be important, (2) strengthen rationale for
managing these processes and components for both squirrel and spotted owl
habitat, and (3) help resolve questions over why squirrel populations often

decline after forests are thinned.

My conceptual hypothesis was that all four factors played important roles in
regulating squirrel populations (Figure 1), but that if there was universality
in the hierarchy among factors, either food or predation would be the most
influential factor, followed by competition, and lastly dens. If food were
limiting, squirrel abundances should be positively associated with seasonal
and year-round food resources, or surrogates for food resources, including
(1) trees and shrub species that support mycorrhizal fungi, (2) tree and

shrubs that support alternative food resources like hard mast (e.g., nuts,
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Figure 1. Conceptual model illustrating proposed direct (solid line) and

diffuse (dashed line) relationships among potential limiting factors

influencing northern flying squirrel (Glaucomys sabrinus) populations.

Inverse effects (squirrel effects on factors) are not included.
samaras) or berries, (3) older trees that provide more diverse lichen species
and supporting greater amounts and diversities of fungi; and (4) large
fallen trees. If predation were limiting, I would expect to observe positive
associations between squirrel abundances and protective cover where (1)
squirrels are the least evolutionarily adapted (e.g., while moving on the
ground where their patagium limits their travel speed and quietness while
moving through the understory; personal observations); (2) while gliding
(e.g., midstory layers) where they lose the speed and maneuverability
advantage to aerial predators like owls (Appendix); or (3) where they spend
the most time or distance covered based on my telemetry results. If dens
were limiting, squirrels should be most abundant in habitat that provides

abundant, secure, high-quality dens, including large live trees and large

snags (e.g., Carey 1995a, Smith et al. 2004). Finally, if competition were
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limiting, flying squirrel populations should show negative associations with
other Sciurids (Townsend’s chipmunks and Douglas’ squirrels) or habitat
elements that have been shown to be strongly associated with them,

including understory vegetation and cone-producing overstory trees (Carey

2000b, Harestad 1991, Hayes et al. 1995, Smith 1970).
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CHAPTER TWO—STUDY AREA AND METHODS

Study Areas

I delineated thirty-three stands in nineteen tracts of forest for study (Figure
2; Table 1). Stands were distributed across two adjacent physiographic
provinces of western Washington state—the Puget Trough and Olympic

Peninsula (Franklin and Dyrness 1973).

Puget Trough

Sixteen 32-ha stands in 2 second-growth tracts of Douglas-fir forest (8

Figure 2. Stand locations for live-trapping, radio-telemetry, and forest structure studies of
northern flying squirrel populations and their habitat in the Puget Trough and Olympic
Peninsula of Washington State from 1991-2006. One stand was delineated in each of

the Olympic Peninsula forests. Eight stands were delineated in each Each Puget Trough
forest as part of the Forest Ecosystem Study (Carey et al. 1999b).
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Table 1. Study areas for sampling northern flying squirrel (Glaucomys
sabrinus) populations and forest structure across western Washington 2004-
2006. Stands in bold supported high-density (>2.0 squirrels/ha) populations.

Relative Forest Structuring
Process Score!

Last Known Dominant
Canopy Catastrophic Management Tree
Forest Tract  Std# Age Event? History? CcC ubD DE CS Total Species®
Legacy? 101 67+ Clearcut 1937 VDT 1993 2.6 4.7 2.4 0.2 9.9 DF
Legacy? 102 67+ Clearcut 1937 None 8.1 5.6 1.9 0.0 15.6 DF
Legacy? 103 67+ Clearcut 1937 VDT 1993 6.9 55 26 03 153 DF
Legacy? 104 67+ Clearcut 1937 None 7.5 3.2 1.9 0.0 12.6 DF
Legacy? 201 67+ Clearcut 1937 VDT 1993 53 46 0.8 0.1 10.8 DF
Legacy? 202 67+ Clearcut 1937 VDT 1993 4.9 6.1 0.2 0.2 114 DF
Legacy? 203 67+ Clearcut 1937 None 6.9 41 3.0 0.0 14 DF
Legacy? 204 67+ Clearcut 1937 None 71 5.5 0.8 0.1 13.5 DF
Timber® 301 79 Clearcut 1925 2 Thins 1972- 5.4 6.2 0.7 07 13 DF
89
Timber? 302 79 Clearcut 1925 2 Thins 1972- 1.9 75 12 141 1.7 DF
89,VDT 1993
Timber2 303 79 Clearcut 1925 2 Thins 1972- 3.2 9.2 0 1.7 141 DF
89,VDT 1993
Timber? 304 79 Clearcut 1925 2 Thins 1972- 5.7 71 44 13 185 DF
89
Timbera 401 79 Clearcut 1925 2 Thins 1972- 1.9 8.0 15 18 132 DF
89,VDT 1993
Timber? 402 79 Clearcut 1925 2 Thins 1972- 6.4 7.7 06 08 155 DF
89
Timber? 403 79 Clearcut 1925 2 Thins 1972- 3.5 10.0 0.1 09 145 DF
89,VDT 1993
Timber2 404 79 Clearcut 1925 2 Thins 1972- 4.5 7.0 06 05 12.6 DF
89
Rugged 902  83-300+ Wind 1921 None 4.5 6.5 100 33 243 WH
Flats
Quinault 903 425+ Wind None 0.0 65 44 92 201 SS,WH
RNA¢ (unknown)
Kalaloch 909 83-300+ Wind 1921 None 6.6 6.1 73 53 253 WH,SF
Stequaleho 910 150-300+ Unknown None 54 4.7 7.9 4.8 22.8 WH,SF
Goodman 912  83-500+ Wind 1921 None 7.0 5.5 9.5 6.4 28.4 WR,WH
Ck.
La Push 913 83+ Wind 1921 None 4.5 5.5 64 22 186 WH
Bear Ck.¢ 915  83-275+ Wind 1921 None 7.6 55 74 26 231 WH,SF
Humptulips® 917 375+ Unknown None 5.8 29 8.7 3.6 21 WH
Eaton Ck. ¢ 944 83+ Wind 1921 None 7.5 6.5 56 1.0 206 WH
N.F. Sol Duc® 963 120-175 Fire ca. 1887 None 10.0 0.7 2.7 0.5 13.9 DF,WH
N.E. Quinault® 969  100-400 Fire PI§I hi-grade 1.9 6.9 58 48 194 WH,DF
(unknown) in 1940s
Grave’s Ck.® 970  100-500 Fire None 2.0 7.8 83 10.0 28.1 WH,DF
(unknown)
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Table 1. Continued.

Relative Forest Structuring
Process Score'

Last Known Dominant
Canopy Catastrophic Management Tree

Forest Tract  Std# Age Event? History? CcC ubD DE CS Total Species?®
Sol Duc 971 300 Fire ca. 1710 None 8.5 2.1 1.5 6.1 18.2 WH,DF
Falls®
Elwha Ranger 974  150-300  Fire ca. 1857 None 53 41 4.3 7.0 20.7 WH,DF
b
Cox Valley® 982 300 Fire ca. 1694 None 9.7 1.2 19 48 176 DF,WH
Heart O’ Hills® 996 100+ Fire ca. 1910 None 6.0 0 34 14 108 WH,WR

999  100-500+ Wind None 5.6 0.6 8.8 4.1 191 WH,WR
Ruby Beach®

(unknown)

! Scores based on a relative scale of 0-10 with 10 representing the stand with the highest score for that
process and 0 representing the stand with the lowest score for that process. See text for details. CC=
crown-class differentiation; UD= understory development; DE= decadence; CS= canopy stratification

2 Stand history sources: (a) Carey et al., 1999a; (b) northern spotted and barred owl nesting data; S.
Gremel, Wildlife Biologist, Olympic National Park, Port Angeles, WA; (c) Forest inventory data, S. Horton,
Wildlife Biologist, Washington Department of Natural Resources, Forks, WA; (d) Carey and Johnson 1995;
(e) No data available--age ranges based on size and species ages from other study areas. Where stand
age is reported as a range, more than 1 age cohort dominated the canopy. A plus (+) indicates presence
of residual trees that were older than the age values reported here, but were not an important contributor
to overall canopy cover. Stands affected by the 1921 windstorm may have had substantial release of
understory hemlocks that were older than the minimum 83 yrs reported here. VDT=variable-density
thinning; Thins=conventional thinning.

3 Tree Species: SF= Pacific silver fir (Abies amabilis); DF= Douglas-fir (Pseudotsuga menziesii); SS= Sitka
spruce (Picea sitchensis); WH= western hemlock (Tsuga heterophylla); WR= western redcedar (Thuja
plicata).
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stands per forest) on the US Army Fort Lewis Military Reservation near Yelm,
Washington were studied from 1991-2000, and from 2004-2005 as part of
the Forest Ecosystem Study (Carey et al. 1999b): (1) a 67-yr old forest (as
of 1991; hereafter, Legacy Forest) that had never been thinned (basal area
of ca. 43 m?/ha with 450-515 trees/ha), with a sparse understory of mosses,
a patchy, low-density shrub layer (principally salal, Gaultheria shallon) and
moderate amounts of residual trees and snags (6.2/ha) left during the
previous harvest, and (2) a 79-yr old forest (as of 1991; hereafter, Timber
Forest) that had been commercially-thinned twice in the 1970s and 1980s
(basal area of ca. 46 m?/ha with 200-250 trees/ha) with a moderately-
developed understory of salal, swordfern (Polystichum munitum), and
bracken fern (Pteridium aquilinum), little (<2%) coarse woody debris, and
few old-growth legacies. Both forests originated from wide-scale clearcutting
in the region. Variable-density thinning treatments were applied to 4 of the
8 stands in each forest in 1993; the remaining stands were left untreated.
Each treated stand was divided into 1600m? cells, with cells assigned to one
of two different thinning intensities based on a 2:1 ratio of light thinnings to
heavy thinnings. In addition, 15% of the cells in each stand e