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Te Virginia northern fying squirrel (Glaucomys sabrinus fuscus; VNFS) is a rare, Pleistocene-relict, disjunct subspecies of the
northern fying squirrel. Te squirrel occurs only in high-elevation red spruce (Picea rubens) forests of the central Appalachian
Mountains of Virginia and West Virginia—a forest type that was substantially reduced by exploitative logging and wildfre in the
1890s–1930. Owing to its cryptic nature and difculty of capture, managers have relied on an evolving series of predicted habitat
suitability models that primarily have used topographic measures and red spruce cover class to assess potential occupancy on the
landscape. Currently, VNFS is considered the sentinel species in the region whereby its predicted presence indicates red spruce
forests with higher relative habitat integrity, and unsuitable habitat highlights where red spruce restoration or enhancement
should occur. However, extant VNFS models only use red spruce percent composition and do not provide insights into forest
structure, such as forest canopy height or basal area, that are needed by managers to implement restoration or assess efectiveness.
We examined recent historical VNFS observations from nest-box surveys and radiotelemetry data (natural dens and foraging
points) relative to random pseudoabsence points across red spruce cover classes from the most current VNFS predicted
probability habitat model. Using generalized linear models in an information-theoretic approach, we found that within each red
spruce composition class, suitable VNFS habitat was related to increased forest canopy height (m), basal area (m2·ha−1), quadratic
mean diameter (cm), and stem density (number of trees ha−1), indicating that, within red spruce and mixed red spruce–northern
hardwood forests, VNFS is associated most with mature forest conditions. Accordingly, our results could be recombined with
habitat suitability models to prioritize where, for example, red spruce forest structural enhancement would facilitate shifting
a given stand to a higher probability condition for VNFS use.

1. Introduction

Red spruce (Picea rubens) forests once occupied as much as
600,000 ha in the central Appalachian Mountains of West
Virginia and portions of western Virginia and western
Maryland, USA [1, 2]. At the turn of the 20th century, red
spruce was exploitatively harvested, and postharvest areas

often experienced extensive wildfres that eliminated re-
generation and seed sources [3]. Tese events shifted forest
conditions from a boreal-like, red spruce-dominated forest
to northern hardwood forests comprised primarily of birch
(Betula spp.), American beech (Fagus grandifolia), redmaple
(Acer rubra), and sugar maple (A. saccharum) [4]. Currently,
much of the region’s red spruce is reduced to small,
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aggregated patches or as a mixed component within the
northern hardwood type. Nonetheless, red spruce seedlings
and saplings are now found widely in the midstory of the
northern hardwood cover types [5].

Within this regional habitat type, the Virginia northern
fying squirrel (Glaucomys sabrinus fuscus; VNFS), a disjunct
subspecies of the northern fying squirrel, occurs in
northwestern Virginia and eastern West Virginia [6] largely
in the Monongahela National Forest, Canaan Valley Na-
tional Wildlife Refuge, Kumbrabow State Forest, and sur-
rounding private lands above 800m in elevation [7]. Te
VNFS forages for hypogeal fungi on the forest foor un-
derneath red spruce or other montane conifer canopies and
dens in tree cavities or dreys [8–10]. Relative to other
subspecies of northern fying squirrel [6, 11], home range
sizes of VNFS can exceed 50 ha owing to the overall de-
graded red spruce forest condition and poor habitat con-
nectivity in the region [9]. In 1985, the U.S. Fish andWildlife
Service listed the VNFS as endangered [12] due to historical
habitat loss and fragmentation. Te contemporary rarity of
the VNFS was also correlated with the slow recovery of
Central Appalachian red spruce forests from industrial-
derived atmospheric deposition of S and N in the 1940s–
1980s [7]. However, after roughly three decades since listing,
population stability and regional persistence of VNFS were
reached as was the recognition that red spruce recovery was
occurring naturally, albeit slowly [13] which led to the VNFS
being delisted in 2013 [14]. Nonetheless, VNFS remains
a species of greatest conservation need as red spruce forests
continue to be vulnerable to habitat degradation from cli-
mate change impacts or direct habitat conversion [7, 15]. As
a mature red spruce forest obligate, the VNFS is considered
a “sentinel” species indicative of functioning, high integrity
conditions and is used as an indicator species for current red
spruce restoration and enhancement eforts in the region
[16, 17].

Due to the rare and cryptic nature of the VNFS, tra-
ditional live-trapping and monitoring methods are difcult
[7]. Since the 1990s, managers have relied on predictive
habitat modeling to delineate potentially suitable habitat and
the quality thereof for VNFS and the red spruce forest it
inhabits. Using elevation and landform indices models,
Odom et al. [18] were highly precise in identifying areas
unsuitable for VNFS, but their model provided ambiguous
results for suitable areas. From artifcial nest box records,
Ford et al. [19] and Menzel et al. [20] determined that VNFS
habitat suitability was associated with forest stands with
> 30% red spruce composition and elevations > 1000m.
Radiotelemetry data from Menzel et al. [9] and Diggins and
Ford [10] provided additional VNFS natural den and for-
aging observations that Ford et al. [7] used in conjunction
with better landform and forest cover class inputs [21], to
create a more robust predictive habitat model for VNFS.Te
Ford et al. [7] model further cemented the link between
VNFS habitat suitability and increasing percent red spruce
cover, elevation, and, in some contexts, presence of highly
sheltered, concave landforms. Although an improvement
over earlier work, this efort did not incorporate forest
stand-level structure measures found to be biologically

important to the VNFS or the closely related endangered
Carolina northern fying squirrel (Glaucomys sabrinus col-
oratus; CNFS) in similar habitat in the southern Appala-
chian Mountains [10, 11].

Standard forest structure metrics, i.e., forest height,
stand basal area, stand density, and tree diameter, could be
used to prioritize red spruce restoration or stand en-
hancement in the central Appalachian Mountains as well as
provide benchmarks for restoration success [5]. Accord-
ingly, the purpose of our study was to explore the re-
lationships between VNFS presence as denoted by the Ford
et al. [7] resource selection spatial model with added forest
stand structure metrics in the central Appalachian Moun-
tains above 800m across four red spruce cover composition
classes (0%, 1%–10%, 10%–50%, and > 50%). Based on
previous work [7, 9, 10, 22], we hypothesized that predicted
habitat suitability would increase for stands that had late-
successional structural characteristics, such as tall, large-
diameter trees and high stand density, which may be more
indicative of preharvest and prefre conditions that histor-
ically occurred in the central Appalachian Mountains [23].

2. Methods

Our study was centered in the Allegheny Highlands of the
central Appalachian Mountains, primarily within eastern
West Virginia (Figure 1). Tis region is characterized by
high elevations (600–1482m), steep slopes, broad valleys,
and often planar, plateau-like ridges [7]. Owing to the el-
evation, the climate is relatively cool, with average annual
temperatures ranging from 6.7° to 9.4°C. For the majority of
the region from the Allegheny Front west, annual pre-
cipitation is high (≥ 120 cm), much of which falls as snow
during the winter months [21]. Soils are rocky, shallow,
acidic silt loams due to the sandstone and shale parent
materials [4]. Prior to harvesting and fre, a montane, boreal-
like forest of red spruce dominated at the highest elevations
and then occurred in pure to mixed northern hardwood
stands downslope in sheltered ravines and riparian areas at
midelevations. Minor associates in these systems include
eastern hemlock (Tsuga canadensis), yellow birch
(B. alleghaniensis), and American beech with an understory
mostly comprised of ericaceous shrubs, such as great rho-
dodendron (Rhododendron maximum) and various blue-
berries (Vaccinium spp.). As elevation decreases or where
post-logging fre removed red spruce seed sources and
advanced regeneration, the dominant forest composition
shifts to a northern hardwood association with common
species such as American beech, yellow birch, red and sugar
maple, black cherry (Prunus serotina), and Fraser magnolia
(Magnolia fraseri), with some red spruce in the mid- and
understory [21, 23, 24].

2.1. Data Collection. To examine the relationship of VNFS
presence with forest stand structure metrics, we used the
2173 VNFS presence records from Ford et al. [7], which
included contemporary nest box, natural den, and foraging
location data. Since true absence points for VNFS were
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unknown [7], we generated 10,865 pseudoabsence points,
fve times the number of presence records, for comparison
[25]. To assign presence and pseudoabsence points to a red
spruce cover class value, we acquired spatial data provided
by Byers et al. [21], which delineated red spruce percent
composition classes on the landscape as: None (0)� 0%, Low
(1)� 0.1%–10%, Medium (2)� 10.1%–50%, and High (3)
� > 50.1%. We then joined the red spruce cover classes with
the U.S. Forest Service’s raster product, “TreeMap 2022,”
which provided structure metrics for all trees irrespective of
species, such as number of trees ha−1 (TPH), basal area
(m2·ha−1; BA), stand average dominant tree height (m; TH),
and quadratic mean diameter (> 2.5 cm; QMD) that is
a measure of the diameter of average tree per tree basal area
[26]. To preserve all VNFS presence records, we flled
missing values in the TreeMap layers using the focal func-
tion, defning a 9-cell moving window, in the terra package
[27] of R.

2.2. Data Analysis. We conducted our structurally based
resource selection analysis [28] update to the Ford et al. [7]
model using R Version 4.3 [29]. To determine the re-
lationship between VNFS habitat suitability and forest
structural variables, we compared VNFS presence versus
pseudoabsences using generalized linear models (GLMs)
with a binomial error distribution. We combined historical
presence data and extracted environmental data using the
dplyr package of R [30]. We tested 32 GLMs that contained
various combinations of TH, TPH, BA, and QMD (Table 1).
For TH and QMD, we examined quadratic polynomials
because wildlife responses to these measures often are not
linear [31]. Prior to modeling, we ensured that no contin-
uous variable exceeded a variable infation score of 5 using
the vifcor function in the usdm package of R [32]. Models
were compared with the corrected Akaike information cri-
terion (AICc) and ΔAICc to select the best-approximating
model that was the most parsimonious and contained

80°50′W

39°35′N

39°10′N

38°45′N

38°20′N

37°55′N

80°25′W 79°35′W 79°10′W 78°45′W80°W

≥ 800-m elevation in potential Virginia
northern fying squirrel distribution

≥ 50% probability of Virginia northern
fying squirrel presence

Least cost path

Figure 1: Map of the Virginia northern fying squirrel (Glaucomys sabrinus fuscus; VNFS) and red spruce (Picea rubens) potential
distribution in the central Appalachian Mountains of Maryland, West Virginia, and Virginia. Regions in red are predicted VNFS high
habitat suitability (≥ 50%) from Ford et al. [7], whereas the remaining gray areas are in the wider landscape that are ≥ 800m in elevation,
where red spruce and VNFS occurrence is possible. Yellow lines denote a computed least cost path connecting VNFS habitat patches on the
landscape (see text).
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informative covariates of signifcance [33]. We used spatially
explicit (10,000m) 10-fold cross-validation using package
blockCV [34] to calculate Tjur’s R2 for explained variation
via performance [35] and area under the curve (AUC) for
accuracy via Metrics [36, 37].

Following model selection, we utilized the single-
variable structure optimums produced from the modeling
eforts to make a categorical raster [38]. Tese categorical
rasters were then combined in three categories of varying
size from largest to smallest: within the spatial footprint of
the region’s collective area ≥ 800-m elevation, within the
areas described as ≥ 50% suitable VNFS habitat per Ford
et al. [7], and a 1.9-km-wide “least cost path” [39] based on
maximum VNFS home range width [9]. Tis path, created
using the grainscape R package [40], efciently connected
high-probability VNFS habitat patches from south to north,
highlighting areas of suboptimal red spruce cover and stand
structure to guide enhancement or restoration eforts. We
accomplished this using the red spruce class vector [41] and
packages terra [27] and dplyr [30] in R Studio (Figure 2).
Once the categorical map was created, we derived area es-
timates (ha) by single optimal for red spruce cover and forest
structure variables or optimal combinations thereof.

3. Results

Te full model, including all variables, had the strongest
support for predicting VNFS habitat, though a model ex-
cluding TPH was within three ΔAIC (Table 1). All forest
structural covariates included in the top model were sig-
nifcant contributors to predicting VNFS habitat suitability.
However, the percent spruce composition classes originally
used in the Ford et al. [7] model were still the primary driver
of model performance and accuracy as refected by the
similar R2 and AUC scoring among models (Tables 1 and 2).
VNFS habitat suitability increased across all red spruce
classes, consistent with previous fndings [7, 20]; specifcally,
habitat suitability was highest for TH between 10 and 30m
and for QMD of 15–25 cm (Table 2; Figure 2) and further
increased with BA and TPH, with higher suitability when BA
was ≥ 30m2/ha and TPH exceeded > 2500 stems per hectare
(Table 2; Figure 3).

Following model selection, our spatial analyses revealed
that the specifc optima generated by the model accounted

for the variation in structure under low, medium, and high
red spruce canopy compositions. Te specifc optima used
for area calculations were Spruce 10%–100%, TH 10–20m,
QMD 15–25 cm, BA ≥ 30, and TPH ≥ 2500. Within the
≥ 50% predicted probability area for VNFS from Ford et al.
[7], where red spruce restoration activities would provide the
most conservation contribution, approximately 21% of the
landscape met red spruce cover and at least 1+ of the forest
structural optima. Conversely, most of the remaining area
(79%) lacked sufcient extant overstory red spruce (Figure 3,
Table 3). For the least cost path of 38,222 ha, approximately
1237 ha was below 800m in elevation and outside the
probable VNSF distribution. Of the remaining 36,985 ha,
41% of the area met both red spruce cover and contained 1+
forest structure optima.

4. Discussion

Te results of our study demonstrate that habitat suitability
for VNFS is linked primarily to red spruce cover, but forest
stand structure metrics are signifcant components of habitat
suitability and, presumably, occupancy. Similar to the CNFS
subspecies in the southern Appalachian Mountains, our
results confrm that VNFS habitat suitability increases in red
spruce forests with mature characteristics such as forest
canopy height. However, in contrast to the CNFS, our model
indicates a predicted probability decline for VNFS habitat
with TH exceeding 25m [11]. First, we believe this is an
artifact of sampling bias introduced in utilizing pseu-
doabsent points. Te limited data points we had to represent
VNFS presence captured a smaller range of TH than the
pseudoabsence points used in Ford et al. [7]. Invariably, the
pseudoabsence points captured areas of mature or highly
productive northern and Allegheny hardwood stands with
taller tree heights than might be found on extant spruce
stands. Second, false negatives likely were produced by
pseudoabsence points that randomly fell in a red spruce
stand with an average height taller than 25m. Lastly and
more importantly, past harvesting and wildfres in the
central Appalachian Mountains eliminated much of the
original old growth, and presumably tall, red spruce,
whereby residuals or postharvest regeneration had not
reached preharvest potential height yet. Te rarity of these
conditions may create an illusion of avoidance by VNFS to
the few areas with a red spruce component > 25m in height,

Table 1: Generalized linear model selection using Akaike information criterion (AICc) with coefcient of determination (R2) and area under
the curve (AUC) of forest structure and composition variables predicting the likelihood of habitat suitability for the Virginia northern fying
squirrel (Glaucomys sabrinus fuscus; VNFS) in central Appalachian Mountains of Maryland, Virginia, and West Virginia comparing recent
historical and contemporary used locations (nest boxes, live-trapping captures, natural den sites, and foraging points from radiotelemetry)
and random pseudoabsence points, 2015–2022.

Model AICc ΔAICc R2 AUC
SPRUCE+QMD+ I (QMD^2) + BA+TPH+TH+ I (TH^2) 5913.56 0.00 0.52 0.85
SPRUCE+QMD+ I (QMD^2) + BA+TH+ I (TH^2) 5916.50 2.95 0.52 0.86
SPRUCE+BA+TH+ I (TH^2) 5923.36 9.81 0.52 0.86
SPRUCE+BA+TPH+TH+ I (TH^2) 5925.26 11.70 0.52 0.86
Note: Forest stand structure and composition variables were as follows: basal area (m2·ha−1; BA), quadratic mean diameter (cm; QMD), stand average
dominant tree height (m; TH), trees ha−1 (TPH), and red spruce (Picea rubens) canopy composition (> 50%, 10%–50%, 0%–10%, and 0%). Quadratic terms
are noted by I (TERM^2). Only models within 12 ΔAICc shown.

4 International Journal of Forestry Research
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where no VNFS surveys occurred. Similarly, it is also
probable that these residual, presumably high-quality red
spruce stands existed as small isolates within the larger, less
suitable northern hardwood forest matrix that are barriers to
movement or colonization [42].

Our QMD optima do match earlier VNFS research,
showing that the den site selection occurred in stands with
conventional overstory mean DBHs of approximately 15 cm
[8]. Furthermore, the bell-like curve relating habitat suit-
ability to QMD could be attributable to the same biases as

TH. Few data exist on stand density characteristics for
conditions selected by VNFS. Ford et al. [19] and Menzel
et al. [8] observed average overstory basal areas of ap-
proximately 34m2 ha−1 surrounding natural VNFS den trees
or snags. Although this is less than direct evidence about
VNFS habitat relationships to stand density, it does align
with our fndings that stands with basal area ≥ 30m2/ha are
more likely to support VNFS habitat. Moreover, VNFS
habitat suitability increases with basal area in all spruce
canopy classes, suggesting that even compositionally poor
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Figure 2: Fit plot of the generalized linear model probability and 95% confdence interval of Virginia northern fying squirrel (Glaucomys
sabrinus fuscus; VNFS) likelihood of presence in the central Appalachian Mountains of Maryland, Virginia, and West Virginia relative to
stand height, quadratic mean diameter, and basal area by the red spruce (Picea rubens) canopy cover composition classifcation.

Table 2: Te most supported generalized linear model (VNFS∼ SPRUCE+QMD_M+ I (QMD_M^2) + BA_M+TPH+TH_M+ I
(TH_M^2)) for predicting the likelihood of habitat suitability for the Virginia Northern Flying Squirrel (Glaucomys sabrinus fuscus; VNFS)
in the central Appalachian Mountains of Maryland, Virginia, and West Virginia using red spruce (Picea rubens) canopy composition
(> 50%, 10%–50%, 0%–10%, and 0%), quadratic mean diameter (cm; QMD), basal area (m2·ha−1; BA), trees per hectare (TPH), and stand
average dominant tree height (m; TH).

Covariate Estimate Std. error Z-value p value
Intercept 0.62 0.12 5.18 < 0.01
Spruce 10%–50% −0.36 0.12 −2.95 < 0.01
Spruce 0%–10% −0.58 0.12 −4.68 < 0.01
Spruce 0% −3.75 0.13 −29.40 < 0.01
QMD 0.20 0.10 1.94 0.05
I (QMD^2) −0.15 0.04 −3.59 < 0.01
BA 0.63 0.06 10.40 < 0.01
TPH 0.20 0.09 2.17 0.03
TH −0.49 0.06 −4.70 < 0.01
I (TH^2) −0.14 0.03 2.17 < 0.01
Note: I (^2) notates a quadratic term.

International Journal of Forestry Research 5
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stands could potentially support VNFS if the structure is
optimal—though whether that would be a “sink” habitat is
unknown. Finally, optimal ranges for each variable validate
the assertion that the VNFS prefers mature red spruce stands
with heterogeneity in horizontal and vertical structures as
has been shown for CNFS [11].

Although our results using a forest structure approach
has merit for better relating quantifable forest conditions to
VNFS presence, the habitat suitability functions developed

in this study performed somewhat equivocally and their
performance of these models was essentially no diferent
than those presented by Ford et al. [7] and Menzel et al. [20]
that both used primarily red spruce cover class and elevation
as input covariates. Furthermore, TreeMap is a spatial raster
that combines extrapolated data from U.S. Forest Service’s
forest inventory analysis plots and LANDFIRE cover data to
make coarse collective assessments of structural and com-
positional conditions at a 30-m2 scale. With the resolution of

80°50′W 80°25′W 79°35′W 79°10′W 78°45′W80°W

39°35′N

39°10′N

38°45′N

38°20′N

37°55′N

Red spruce absent no structural
optima
Red spruce absent 1-2 structural
optima
Red spruce absent 3-4 structural
optima
Red spruce present no structural
optima
Red spruce present 1-2 structural
optima
Red spruce present 3-4 structural
optima

Least cost path

Figure 3: Categorical map of the additive accumulations of the forest stand structure and red spruce (Picea rubens) canopy cover optima
(see text) for Virginia northern fying squirrel (Glaucomys sabrinus fuscus; VNFS) habitat in the central Appalachian Mountains of
Maryland, Virginia, and West Virginia with an inset of a portion of the VNFS least cost path in the northern Cheat Mountain and Middle
Mountain massifs of central West Virginia.

Table 3: Te area and proportion of additive forest structure and red spruce (Picea rubens) overstory composition categories that meet the
optimummetrics outlined by themost supported generalized linear model for predicting the likelihood of presence of the Virginia Northern
Flying Squirrel (Glaucomys sabrinus fuscus; VNFS) in the central Appalachian Mountains across the three landscape scales.

Condition Within
landscape > 800m·(ha)

Within > 50% VNFS probability
(ha)

Within least cost path
(ha)

No red spruce +No structure optima 37,806.05 10,457.54 1731.99
No red spruce + 1-2 structure optima 392,487.95 181,314.93 1,7243.76
No red spruce + 3-4 structure optima 21,688.59 133,76.97 2375.56
Red spruce + no structure optima 1228.14 1226.25 229.92
Red spruce + 1-2 structure optima 56,333.94 36,832.73 11,885.71
Red spruce + 3-4 structure optima 16,772.47 16,772.38 3907.06
< 800-m elevation (no data) ∗ ∗ 1237.17

6 International Journal of Forestry Research
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this spatial product and the inherent limitations of the input
sources, there are likely inaccuracies and biases in the
TreeMap product that may become more apparent at fner
scales.

Despite our results’ probable biases and the coarseness of
TreeMap data, the similarity of both statistics and spatial
distribution of probability to the previous models would
indicate that our structural model does have utility to inform
management. Land management work benefcial to VNFS
over this large landscape will occur primarily through red
spruce midstory release and variable retention thinning or
group selection harvests that remove deciduous species and
retain red spruce residuals to eventually reach minimum red
spruce overstory compositions of > 30% and conceivably
accelerate height and diameter growth of red spruce re-
siduals [5, 19]. However, because the Ford et al. [7] model
does not incorporate forest stand structure components, the
results of our work can helpmanagers delineate and examine
forest stands of high suitability that do not, at current, meet
optimal volume or height metrics. Moreover, managers
could use our fndings to prioritize enhancing structure to
increase mature red spruce patch area and interpatch
connectivity in the region.

For example, the ranges of forest composition and stand
structures along portions of the VNFS least cost path
exhibited more variable conditions within the Ford et al.
[7]≥ 50% predicted VNFS habitat suitability area than an-
ticipated (Figure 3). Managers could use our fndings to
better target restoration eforts in a more efcient manner
such as locating areas that contain the appropriate com-
position of red spruce but not the suitable structure, de-
lineating stands for red spruce midstory release treatments,
or identifying areas for red spruce planting where the species
is currently absent.

Tough our work provides new insight into VNFS
habitat suitability, it does not assess what red spruce forest
structure was optimal for VNFS habitat before the ex-
ploitative logging and wildfres in the early 1900s. A com-
plete understanding of the previous pre-European
conditions in this landscape is not currently possible [43].
Te contemporary range of VNFS can only be used to
describe its present structural requirements, while truly
optimal conditions may require more time to develop.
However, continued acoustic and telemetry monitoring
along with continued collection of forest stand- and plot-
level data may continue to add to our understanding of
VNFS habitat needs as red spruce coverage expands and
develops late-successional characteristics. Additionally,
ongoing monitoring studies of CNFS in the unharvested and
unburned areas in the southern Appalachian Mountains
[44], such as the Great Smoky Mountains National Park in
North Carolina and Tennessee, might provide suitable pre-
European condition analogs to facilitate a better un-
derstanding of VNFS habitat for the central Appalachian
Mountains.
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