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Abstract: Habitat fragmentation affects flying squirrels despite their ability to cross canopy gaps.
If unable to cross gaps, flying squirrels may suffer from limited access to appropriate resources,
inbreeding depression, and even extirpation. North American flying squirrels (Glaucomys) have
been the focus of limited research on this issue when compared to other areas of the world tackling
this problem. However, as all gliding mammals share similar conservation challenges, findings of
other species on other continents can be applied to the Glaucomys species in North America. The
purpose of this review is to take a metapopulation approach to the problem of gap crossing. This
review first discusses necessary habitat conservation strategies for Glaucomys within the patches
they reside. The review then discusses patch size and configuration, honing in on maintaining
connectivity between habitat patches. Different structures (natural and manmade) used to maintain
connectivity are reviewed using gliding mammal literature from around the world. This information
is pertinent to North American conservation ecologists and landscape managers, who can use this
information to improve habitat connectivity and facilitate crossings of Glaucomys flying squirrels
within metapopulations.
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1. Fragmentation and Gliding Mammals

One of the biggest challenges small mammals face is habitat fragmentation. Frag-
mentation, whether due to agriculture, urban development, or timber harvesting, initiates
change in a forest ecosystem. The most notable change is the creation of matrix habitat,
which can contain roads, open fields, pastures, or recovering habitat from past distur-
bances [1-3]. On a population level, the matrix creates gaps for small mammals to cross
for food, shelter, dispersal, or reproductive opportunities. Depending on the size and
quality of a given forest stand or vegetation clump (i.e., patch), the home range size of
small mammals may exceed the patch itself, necessitating movements to adjacent patches.
Gap crossing comes with large amounts of risk for these small mammals, particularly from
predation through exposure in open environments [4-6]. On a landscape level, fragmented
landscapes may create a patchy network of habitat conducive to metapopulation dynamics.
Metapopulations consist of multiple smaller populations existing together in different
habitat patches of varying quality [7]. For small mammal metapopulations to persist, they
must be able to move between fragmented landscapes to recolonize extirpated patches
and interbreed. The number of individuals in a given patch is dictated by a variety of
factors, including connectivity, isolation distance, intrinsic rate of extinction, colonization,
patch size, patch shape, and patch quality [7]. Sustaining small mammal populations in
these fragmented landscapes requires a metapopulation focus. Of the small mammals,
flying squirrels are an underrepresented group in the literature yet are heavily affected by
fragmentation and gap crossing and require additional attention.

Flying squirrels face distinct challenges unlike other small mammals because of their
specialized morphology. The evolutionary design of flying squirrels has allowed for
energetically cheap gliding through use of a retractable patagium and development of
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longer humeri and femora [8-11]. However, flying squirrels are not efficient runners
because of this design, and expend significantly more energy running when compared
to other small mammals [12]. With these morphological and energetic trade-offs, ground
crossings are particularly challenging. As a result, flying squirrels are easy prey for avian
and mammalian predators (e.g., owls, martens, foxes) when running over open areas [13].
To avoid ground crossings, flying squirrels rely on trees to move through their environment.
When gaps such as roads and open fields are encountered, gliding across may be feasible
if a tall enough structure is present or the distance is within the gliding capability of the
species [14]. This gliding capability is represented by the glide ratio, which is the horizontal
distance covered per unit of vertical drop for a given species. The height of the launch
structure and glide ratio both factor into gap crossing potential for flying squirrels. If gaps
are too large or if no plausible structures to glide from exist, ground crossings will be
inevitable [15].

Flying squirrels need to cross gaps for a number of reasons. For example, food
resources within a single patch may be inadequate, necessitating movement to new areas
to forage [16] or retrieve food from caches [17]. This increased foraging range is reflected in
the larger home range sizes seen in both Northern and Southern Flying Squirrels in various
patchy landscapes around North America resulting from development and logging [18-21].
Additionally, dispersal across gaps by juveniles is necessary to access breeding sites and
avoid inbreeding [22,23]. Differences between male and female reproductive strategies also
affect crossing decisions. For instance, male flying squirrels typically roam through a forest
to optimize copulatory encounters [24-26], which may involve crossing between forest
patches. Unlike males, females typically establish territories to rear young [24-26].

Due to the fragmented landscapes flying squirrels inhabit, and the trade-offs of their
morphology, mitigating the effect of gaps is crucial for their conservation in North America.
If left unchecked, habitat fragmentation will interrupt gene flow. A variety of gliding
mammals (including flying squirrels) suffer from genetic isolation and low genetic variabil-
ity in these landscapes [27-31]. There is much to consider when addressing the issue of
gap crossing, and research within North America is limited. The purpose of this review
is to identify habitat improvement strategies from the international literature on gliding
mammals for landscape managers and conservation ecologists of Glaucomys flying squir-
rels. These recommended strategies incorporate findings of the Glaucomys species habitat
requirements in North America and studies on gliding mammals and gap crossing around
the world. This review covers vital material that will ensure metapopulations of Glaucomys
can access appropriate resources, resist inbreeding depression, and avoid extirpation.

2. Landscape Management Considerations
2.1. Habitat Quality

High habitat quality within a patch is necessary to sustain flying squirrel subpopula-
tions and its maintenance should be top priority. In North America, Glaucomys populations
have declined in heavily harvested areas. Northern Flying Squirrels (Glaucomys sabrinus)
occur in greater numbers in old growth forests with more habitat cover [32-34] versus
thinned and logged stands [35,36]. Stands with larger diameter and larger snag trees
also yield higher populations, many of which reside close to water sources [37]. High
value foods items (e.g., conifer seeds, truffles, and lichens) are more prevalent in these old
growth forests [38] and timber harvests negatively affect their growth [38,39]. When food
resources are sparse, Northern Flying Squirrels must move to new patches [39]. Similar
findings on Southern Flying Squirrels (Glaucomys volans) are reported. Southern Flying
Squirrels avoid logged areas and prefer undisturbed mature stands when available [18,40]
Additionally, habitat near water sources is crucial for survival [18,41]. Secondary growth
patches resulting from development are less sufficient for food, predator protection, or
shelter [42]. When resources are limited, Southern Flying Squirrels also increase their home
ranges to compensate [18,21].
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Habitat conservation for flying squirrels starts with protecting specific trees. Northern
Flying Squirrels require trembling aspen (Populus tremuloides), white birch (Betula papyrifera),
and yellow birch (Betula alleghaniensis) in hardwood dominated areas [43]. As hypogeous
fungi are a major food source of Northern Flying Squirrels, spruce-fir and mixed spruce-fir
habitats have been identified as areas of high fungal growth. Trees with high fungal growth
include red spruce (Picea rubens), beech (Fagus grandifolia), red oak (Quercus rubra), and
yellow birch (Butea lutea), and should be protected whenever possible [44]. Southern Flying
Squirrels require mature hardwood forest for mast (nuts and seeds) [18,41] which includes
oak (Quercus), hickory (Carya), and beech (Fagus) [43,45-47]. For both Northern and South-
ern Flying Squirrels, larger (>50 cm dbh), decaying and snag trees should be left standing
for cavities, as well as trees near streams (<150 m) for easy water access [18,37,41,43]. In
more managed stands, leaving extra canopy (overstory) cover and planting shrubs pro-
vides more cover against predators [48]. In the case of Northern Flying Squirrels, this
will also promote additional fungal growth [32]. Lastly, taller trees with less cover in the
understory should be maintained to create more open glide paths within a patch for both
species [42,48].

The maintenance of high-quality forest habitat for Glaucomys is a key first step in
sustaining metapopulations. With access to adequate food, shelter, and predator protection,
habitat patches can sustain subpopulations for longer periods of time. These high quality
“source” patches can counterbalance other low quality “sink” patches in a landscape that is
recovering from disturbances.

2.2. Size and Configuration

Patch size and landscape configuration are also vital to understand flying squirrel gap
crossing capabilities and decisions. Larger patches are more likely to have the required
resources to support a subpopulation of flying squirrels [49]. Decreasing patch size leads
to lower numbers as a result of fewer resources [50,51], necessitating movement between
patches to ensure survival. For example, smaller patch sizes have led to increased crossings
by Siberian Flying Squirrels (Pteromys volans) to find necessary resources in the agriculture
landscapes of Finland [16]. It has been recommended that patch sizes should be >10 m? per
hectare of live residual stand structure in mature forests to support flying squirrels [35].

Landscape configuration includes three components: patch distribution, connectivity,
and patch surroundings (e.g., natural, agricultural, urbanized, suburban). First, patch
distribution refers to how close individual habitat patches are in relation to one another.
Patches located close together have higher flying squirrel occupancy over distant patches, ir-
respective of quality [49,51-53]. Patches closer together should be treated as higher priority
for protection over distant patches. Second, patch connectivity is the level of accessibility of
adjacent patches in the landscape. Prior studies report patch size and quality as more impor-
tant over landscape configuration to support flying squirrels [33,54]. However, landscapes
are largely heterogeneous because of human interference, and the size and quality of habitat
patches cannot always be maintained. When this is the case, maintaining connectivity
between patches is imperative to flying squirrel metapopulation persistence. An example
of the importance of connectivity can be seen through the disruption of Siberian juvenile
flying squirrel dispersal pathways. Juveniles that normally disperse in a straight line to
another patch in connected landscapes must move longer distances amongst unconnected
patches and roost in low quality patches, expending valuable energy and creating fitness
losses [22]. Similar trends are seen in Southern Flying Squirrels in Indiana when moving to
smaller sized patches (<3.7 ha). These patches can have greater distances between them
(less connectivity), and incur greater latencies in movement [55]. Third, patch surroundings
can influence crossing. Not all surroundings are the same, and this can affect crossing
decisions. An example of this can been seen in urban habitats. Urban habitats cause
flying squirrels to travel farther distances to suitable habitat, moving through urbanized
areas at faster rates over non-urbanized areas to cover the greater distances [56], likely
as a result of fewer trees and cover. Flying squirrels may also have to cross more roads
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and heterogeneous landscapes because of human infrastructure and development [57,58],
which may prevent crossings or lead to fatalities.

When given a more contiguous landscape configuration, flying squirrels will avoid
gaps altogether. Translocation experiments of Northern Flying Squirrels in Canada effec-
tively illustrate this point. These experiments aimed to understand the pathways squirrels
take to reach their home territory upon displacement [59]. A major predictor in Northern
Flying Squirrel gap crossing from this study was detour efficiency, which considers both
gap distance and the distance to go around the gap. Northern Flying Squirrels were found
to predominantly move around gaps even when the distance to cross was approximately
one-seventh the distance of the gap detour. Similar results were suggested with Siberian
Flying Squirrels in their response to gaps and high occupation of forest edges [60]. The
decision to spend considerably more time and energy moving around gaps is revealing, as
it highlights the importance of cover for movement when traveling. From the translocation
study, Female Northern Flying Squirrels were more likely to cross gaps than males, due to
female avoidance of other female territories [59]. This differs from expectations between
male and female flying squirrels. Males typically have larger home range sizes from moving
among multiple female territories, which can include more than one patch [19-21,45,56,61].
While there may be nuances between male and female gap crossing decisions, flying
squirrels avoid gaps whenever possible.

A substantial challenge for flying squirrels within fragmented landscapes is dealing
with larger gaps. The level of connectivity between patches changes gliding tactics. For
instance, Siberian Flying Squirrels often cross gaps 30-70 m in a single glide. However,
when gaps exceed this size range, multiple smaller glides are performed using isolated trees
to move between habitat patches [22]. A parallel scenario has been described for petaurid
gliders in agricultural areas of Australia. Most (95%) occupied woodlands patches were
within 75 m of occupied linear woodland strips, suggesting treeless gaps of >75 m set a
physical limit to habitat connectivity [62]. Unfortunately, not every landscape is structured
in a way that allows for multiple small glides. Roads are a major hurdle that often require a
single glide to cross. Van der Ree (2006) [63] has shown this in Squirrel Gliders (Petaurus
norfolcensis) that cross highways and freeways between forest sections. Freeways were
found to act as larger deterrents than highways, as they are six times wider and contain
much higher traffic volumes. Larger gaps over these road environments may prove deadly
for gliders as falling short on a glide results in mid-air collisions with automobiles or being
run over. Glides can also prove deadly when large gaps are present in timber harvesting
areas. Northern Flying Squirrels have been documented colliding with barbed wire fences
when there is not enough height to clear the obstacle [64].

The challenge for gliding mammals, and thus flying squirrels, lies in the landscape
altered by fragmentation that has created gaps too large to safely cross. These gaps, as
mentioned above, not only create inconveniences for travel but are actively avoided when
possible to mitigate the risk. Maintaining Glaucomys flying squirrel metapopulations
requires essential habitat be conserved within patches, and that patches maintain high
levels of connectivity to ensure effective colonization and dispersal. Strategically adding
structures to key points along gaps while factoring flying squirrel morphology and behavior
into the design can successfully re-establish connectivity between forest patches over the
long term.

2.2.1. Types of Structures and Their Specifications

Gliding mammals have shown great flexibility in their structure usage, including
a variety of trees and manmade supports. Four different types of structures have been
identified to assist with gap crossing (Table 1): median trees, canopy rope bridges, log
bridges, and gliding poles. All of these structures have been used to successfully connect
landscapes for various gliding mammal species worldwide, including North American
flying squirrels.
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1. Median trees. Median trees are individual trees retained in the median of roads or
open fields to create “stepping stones” between habitat patches. Siberian Flying Squirrels
in Europe, Southern Flying Squirrels in North America, and Mahogany Gliders (Petaurus
gracilis), Squirrel Gliders, and Sugar Gliders (Petaurus breviceps) in Australia have been
documented using median trees [16,22,57,58,65-68]. Trees provide cover and are a natural
part of a gliding mammal’s environment, making them easy to recommend. However, it is
necessary to consider the long waiting period following planting. Median tree effectiveness
will depend on the size of the gap and tree placement. If placed between habitat patches,
trees facilitate crossing by creating several smaller gaps instead of one large gap.

2. Canopy rope bridges. Canopy rope bridges are horizontal rope meshes sus-
pended as direct paths over gaps. These bridges have been used in a variety of loca-
tions by Australian gliding mammals, including above land bridges and below highway
bridges [15,67,69-72]. Canopy rope bridges are lightweight and easily cover the distance
of a gap, allowing for gliding mammals to simply cross regardless of the height of the
rope bridge [15,69-71]. One drawback to these bridges is that there is greater exposure to
predators, unlike with the natural foliage trees provide.

3. Log bridges. Log bridges involve using wooden utility poles and are similar to
canopy rope bridges [73,74]. Wooden poles are positioned horizontally under bridges or
above roads to create beams to run across ( Figure 1) [73,74]. Though made of a different
material, log bridges confer similar benefits and drawbacks as canopy rope bridges.

Figure 1. Example of a log bridge used by the Siberian Flying Squirrel (Pteromys volans) in Japan. The
photograph shows a log bridge running through a culvert under a road for crossing. Photo captured
and provided by Dr. Yushin Asari from Obihiro University of Agriculture and Veterinary Medicine.

4. Gliding poles. Gliding poles are wooden poles placed vertically, either on opposite
ends of a gap (such as a road), or at set intervals along a gap to make “stepping stones”
similar to median trees (Figure 2) [15,67,72-80]. Though unintended, powerline poles have
also been documented to serve the same purpose [66]. Gliding poles can confer many of
the benefits of trees, without the extended waiting period associated with planting.
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Table 1. Summary table of all crossing structures used by gliding mammals, which includes Ma-
hogany Gliders, Squirrel Gliders, Sugar Gliders, Feathertail Gliders, Yellow-Bellied Gliders, Southern
Flying Squirrels, Northern Flying Squirrels, and Siberian Flying Squirrels. Crossing structures are
broken down into four categories: median trees, canopy rope bridges, log bridges, and gliding poles.
All recorded species and their associated studies are included with the listed crossing structure.

Method Species Documented Studies
Median trees Siberian Flying Squirrel (Pteromys volans) [16,22,65]
Mahogany Glider (Petaurus gracilis) [66]
Squirrel Glider (Petaurus nolfolcensis) [67,68]
Southern Flying Squirrel (Glaucomys volans) [57,58]
Canopy rope bridges Squirrel Glider (Petaurus norfolcensis) [15,67,69-72]
Sugar Glider (Petaurus breviceps) [15,70,71]
Feathertail Glider (Acrobates pygmaeus) [15,69]
Log bridges Siberian Flying Squirrel (Pteromys volans) [73,74]
Gliding poles Siberian Flying Squirrel (Pteromys volans) [73,74]
Mahogany Gliders (Petaurus gracilis) [66]
Squirrel Glider (Petaurus norfolcensis) [15,67,72,75-78,80]
Sugar Glider (Petaurus breviceps) [15,80]
Feathertail Glider (Acrobates pygmaeus) [15,80]
Yellow-bellied Glider (Petaurus australis) [15,80]
Northern Flying Squirrel (Glaucomys sabrinus) [79]

Figure 2. Example of a set of gliding poles utilized by various gliding mammals in Australia. This
photograph shows poles on opposite sides of a highway, designed for glider crossing by species
such as Squirrel Gliders (Petaurus nolfolcensis), Sugar Gliders (Petaurus breviceps), Feathertail Gliders
(Acrobates pygmaeus), and Yellow-Bellied Gliders (Petaurus australis). Photo captured and provided by

Dr. Ross Goldingay at Southern Cross University.
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Gliding poles should be made tall enough to allow the species to land on the trunk of
the receiving structure (a tree or another gliding pole). If roads are present, the glider should
clear the height of a truck (~4 m) when crossing [81]. Failure to clear this height can result
in mid-flight collisions with automobiles or falling short and becoming roadkill [63]. In
addition to the necessary height, poles need appropriate spacing. Poles should be placed at
even intervals across the width of the gap when possible, with placement informed by glide
ratios. This design creates “stepping stones” to use, and one long, risky or unachievable
glide becomes a series of smaller, more manageable glides. Such an approach has found
success with Australian Squirrel Gliders in a variety of environments, including pastures,
land bridges, and roads [14,15,75-78]. Additionally, suitable launch points are needed atop
poles. On trees gliders use horizontal branches to maximize take-off forces when jumping
for more successful glides [82]. Launch points can be incorporated as horizontal platforms
at the top of poles, as described by Kelly et al. (2013) [79] for Northern Flying Squirrels,
and Goldingay and Taylor (2017) [70] for Squirrel Gliders and Sugar Gliders. Incorporating
these platforms into structures maximizes the height and potential energy for gliding.

2.2.2. Gliding Performance

While structural features and placement require consideration for trees and gliding
poles, they mean nothing if the gliding performance of the species has not been reviewed.
Every gliding mammal species is characterized by a range of gliding performance values,
referred to earlier as the glide ratio. These ratios represent horizontal distance covered per
unit of vertical drop and are highly variable, with higher ratios indicating longer glide
distances. Southern Flying Squirrels have a ratio of 1.53 [83], Northern Flying Squirrels
1.98 [84], Siberian Flying Squirrels 1-1.5 [85], Red Giant Flying Squirrels (Petaurista petau-
rista) 3.1 [86], Japanese Giant Flying Squirrels (Petaurista leucogenys) 1.87 [87], Indian Giant
Flying Squirrels (Petaurista philippensis) 2.32 [88], Squirrel Gliders 1.84 [81], Yellow-Bellied
Gliders (Petaurus australis) 2.0 [89], and Sugar Gliders and Mahogany Gliders, 1.82 and 1.91
respectively [11]. When implementing gap crossing structures, the launch height must fac-
tor in the species’ glide ratio. The height of a launch structure designed for one species may
not meet the requirements of another species. This is illustrated in Taylor and Goldingay
(2009) [81], who examined Squirrel Glider performance and made recommendations for the
height of structures with road crossing. The authors state two-lane roads require poles 13 m
tall and four-lane roads require poles 25 m tall. However, pole placement and number also
need consideration for the Squirrel Glider, as pole use is negatively associated with pole
number and distance [90]. While such glide pole suggestions apply to the Squirrel Glider
species, there is no universal design applicable to all species. Within forests of Australia,
multiple glider species such as Squirrel Gliders, Mahogany Gliders, and Sugar Gliders may
occupy a single patch, all with different glide ratios. In North America, where Northern and
Southern Flying Squirrels reside, the gliding poles must factor in each individual species.
These species have different height requirements to cross the same distance. Structure
height and placement will have to be tailored to a specific regional species to maximum
crossing efficacy while minimizing material costs.

2.2.3. Habituation to Structures

When implementing novel management techniques (canopy rope bridges, log bridges,
gliding poles), it is important to note these additions may not be used immediately. Canopy
rope bridges designed for Squirrel Gliders did not re-establish gene flow across a highway
until the 5-year mark [72]. Siberian Flying Squirrels were noted to take two years to
regularly use gliding poles [74]. With newly installed gliding poles, Northern Flying
Squirrels in the United States were only found to increase from 0 crossings to 14 crossings
over a 15-month monitoring period [79]. Yellow-Bellied Gliders were not detected at
gliding poles until 18 months after installation [80]. Regardless of the species involved,
there will be an extended adjustment period before structural enhancements are fully
utilized. Moreover, these structures will need continuous monitoring to ensure that they
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remain effective. Previous studies that implemented manmade crossing structures noted
the importance of further observation and documentation to obtain accurate data on long-
term usage [15,67,69,75-79].

3. Conclusions

Ongoing urbanization, agricultural development, and timber harvesting in North
America have altered landscapes for Glaucomys flying squirrels. Habitat quality within
patches has declined, and larger gaps encompassing roads, fields, and bridges are more
prominent. These obstacles put flying squirrels at a tremendous disadvantage and threaten
the persistence of their metapopulations. Protecting high quality habitat such as mature
forest near water sources provides better food and habitat. In more managed stands,
retaining larger trees and snags and providing cover is vital. Larger patches of forest
stands should be conserved wherever possible, with stands left in close proximity to
one another for ease of access by flying squirrels. Furthermore, maintaining connectivity
between patches is necessary to sustain metapopulations. Four types of structures can be
implemented: median trees, canopy rope bridges, log bridges, and gliding poles. While
the four structures have advantages and disadvantages to consider, each has the ability
to restore connectivity between forest fragments. Of these, gliding poles are the most
widely documented and are heavily modifiable to accommodate the gliding species in
question, making them one of the best solutions for addressing gap crossing. Gliding poles
should be the necessary launch height, spaced appropriately, and possess launch platforms.
Structures such as gliding poles should also factor in the morphology and behavior of
Glaucomys. Finally, it is important to remember that any structure added to a flying squirrel’s
environment will require an adjustment period and will not be immediately used. For
North American flying squirrel conservation, lessening the effects of fragmentation on local
populations will be a slow process, but maintaining high habitat quality and connectivity
is the answer to maintain squirrel persistence within these landscapes.
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