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a b s t r a c t
In many regions of the world, forest management has shifted from practices emphasizing timber production to more sustainable harvesting that integrates ecological values, including maintenance of biodiversity, wildlife habitat, and ecological goods and services. To this end, management strategies emphasize
retention of stand structures that meet the needs of forest-obligate wildlife species and enhance connectivity across landscapes. However, little is known about the effects on arboreal rodents of varying the
amount or spatial distribution of retained structures. We quantiﬁed the responses of northern ﬂying
squirrels (Glaucomys sabrinus) to retention harvests of varying levels (15%, 40%, 75%, and 100% of original
basal area) and spatial patterns (trees uniformly dispersed vs. aggregated in 1-ha patches), using six
experimental treatments replicated at three locations in southwestern Oregon and Washington. Relative
abundance of northern ﬂying squirrels decreased following harvest; minimum number of squirrels
known alive (MNKA) in the control (100%) and 75% retention treatment was signiﬁcantly higher than
in the 15% or 40% treatments. In mixed-effects regression models, MNKA increased with treatment-unit
basal area and amount of surrounding mature (>80-year-old) forest, suggesting that squirrel abundance
was inﬂuenced by local structure and landscape-scale variables. However, only basal area contributed to
best-ﬁt models of reproductive female abundance. Our results suggest a threshold response of northern
ﬂying squirrels to green-tree retention somewhere between 40% and 75% that is likely to be inﬂuenced by
the spatial pattern of retention and landscape context. This study underscores previous conclusions that
northern ﬂying squirrels are sensitive to logging at both local and larger landscape scales, and demonstrates the current minimum retention standard of 15% will not provide suitable habitat for this species.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
In the last two decades, forest management has shifted from
practices emphasizing timber production to more sustainable harvesting that integrate ecological values, including the maintenance
of biodiversity, wildlife habitat, and ecological goods and services
(Gale and Cordray, 1991; Lindenmayer et al., 2000; McComb and
Lindenmayer, 1999). New management strategies emphasize the
retention of forest structural legacies, and to promote successional
processes more likely to produce the complex, multi-layered canopies typical of older forests (Carey, 2000a; Franklin et al., 2002,
1997). This contrasts sharply with traditional harvesting
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E-mail address: gillian.holloway@utoronto.ca (G.L. Holloway).
Present address: Department of Fisheries and Wildlife Sciences, University of
Missouri, Columbia, MO 65211, USA.
1

0378-1127/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.foreco.2012.08.025

techniques, typically clearcut logging, that result in even-aged
stands with a simpliﬁed stand structure (lacking residual large
trees, snags, and logs), and loss of species diversity (Carnus et al.,
2006; Imbeau et al., 2001; White and Mladenoff, 1994).
Green-tree retention is one of the primary strategies being employed in new forest management approaches in western North
America, implemented as part of the Northwest Forest Plan
(Tuchmann et al., 1996; USDA and USDI, 1994). A goal of green-tree
retention is to mitigate the impacts of timber harvest on organisms
that are dependent on structures characteristic of older forests by
retaining features that enhance the structural complexity of future
stands (Franklin et al., 1997; Lindenmayer and Franklin, 2002). On
matrix lands available for timber harvest in the Paciﬁc Northwest,
federal standards specify that live trees must be retained in at least
15% of each cutting unit. They further recommend that 70% of this
retention is in moderate to large-sized (P0.2 ha) aggregates, with
the remainder as smaller aggregates or individual dispersed trees
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(USDA and USDI, 1994). Aggregates are hypothesized to act as refugia for forest-dwelling species and as source populations for adjacent harvested areas (Franklin et al., 1997; Aubry et al., 1999;
Lehmkuhl et al., 1999), and to be similar to the ‘‘islands’’ of undisturbed forest left after ﬁres or wind storms (Foster et al., 1997;
Franklin et al., 1995). Dispersed trees provide for a uniform distribution of canopy cover, coarse woody debris, and snags, and potentially can moderate impacts to forest-ﬂoor and soil-dwelling
organisms following disturbance (Aubry et al., 1999).
Although the Northwest Forest Plan established a minimum of
15% retention and recommended use of large aggregates, the beneﬁts to wildlife and trade-offs for other forest values of varying levels or patterns of retention, were untested. To address these gaps in
knowledge, several private and public research institutions jointly
established the Demonstration of Ecosystem Management Options
(DEMO) Experiment in Washington and Oregon, USA (Aubry et al.,
2009, 1999). Its primary goal was to assess biological responses to
varying levels and patterns of retention and to use this information
to guide future management promoting the maintenance and
recovery of species characteristic of mature and older forests.
Experimental treatments combine one of four levels of retention
(100%, 75%, 40% and 15% of original basal area) and, for the two
lower levels of retention, one of two spatial patterns (trees uniformly dispersed or in 1-ha aggregates).
The DEMO experiment focused on plant, small mammal, and
avian responses. The northern ﬂying squirrel (Glaucomys sabrinus)
was a species of particular interest because of its strong association
with older forests (Holloway and Smith, 2011) and its importance
as a primary prey species for the imperiled northern spotted owl
(Strix occidentalis caurina; Forsman et al., 1984, 2001). The northern
ﬂying squirrel is considered a keystone species because of its
importance as the primary disperser of mycorrhizal fungi (Maser
et al., 1986; North et al., 1997), and its use as an indicator of sustainable forest management in many jurisdictions (Carey, 2000a;
McLaren et al., 1998; Smith et al., 2004). Smith (in press) describes
the northern ﬂying squirrel as a sentinel of ecological processes because its life history is linked to ecological functions across multiple spatial scales. These include facilitating obligate symbiotic
relationships of ‘foundation’ species, supporting populations of
‘umbrella’ species, revealing habitat-occupancy thresholds for species with habitat-area requirements, and ensuring connectivity
among elements of dynamic, fragmented landscapes (Smith, in
press).
The northern ﬂying squirrel depends on old-forest structure for
at least two fundamental aspects of its life history (Smith, 2007). It
prefers cavities for denning (Carey et al., 1997; Bakker and Hasting,
2002; Hough and Dieter, 2009; Pyare et al., 2010); indeed, females
exclusively use cavities as natal dens (Carey et al., 1997; Holloway
and Malcolm, 2007) for successful reproduction (Smith, 2007). Both
the density of reproductive females (Smith et al., 2004) and overall
population density (Carey, 1995; Carey et al., 1999; Smith et al.,
2004; Gomez et al., 2005; Holloway and Malcolm, 2006; Lehmkuhl
et al., 2006) are directly related to the availability of large trees or
snags. Northern ﬂying squirrels also rely on the structure of mature
forests to facilitate their specialized locomotion (Scheibe et al.,
2007). Essential structural features include high canopies and relatively open under- and mid-story layers that provide high launch
points and unobstructed gliding space that allow longer glide distances and increase energetic efﬁciency (Scheibe et al., 2006). Canopy removal eliminates these habitat features, compelling northern
ﬂying squirrels to use external nests for denning, to move greater
distances to ﬁnd cavities (Smith, 2007; Pyare et al., 2010), and to
use energetically more expensive quadrupedal locomotion to move
across modiﬁed landscapes (Flaherty et al., 2010a).
Consideration of both local (treatment-unit) and landscape
scales is critical to management because the ways in which species

respond to stand-level characteristics may vary with landscape
context (Smith et al., 2005, 2004; Wiens, 1989). For ﬂying squirrels
in particular, landscape composition inﬂuences occupancy of habitat patches (Ritchie et al., 2009; Shanley et al., 2012; Smith, in
press), dispersal abilities, and seasonal movements (Smith et al.,
2011). In our analyses of northern ﬂying squirrel responses to
experimental retention treatments, we also considered the distribution of forest ages in the surrounding landscape.
Speciﬁc objectives of our study were: (1) to quantify northern
ﬂying squirrel abundance among treatments representing the gradient of basal area retention (including the 15% minimum retention standard), and one of two spatial patterns; (2) to determine
stand- (treatment-unit) and landscape-scale variables that best
predict the relative abundance of northern ﬂying squirrels within
these treatments; and (3) to determine the stand- and landscapescale variables that best predict the relative abundance of reproductive females.

2. Materials and methods
2.1. Study areas and experimental design
The full experiment was implemented as a randomized complete block design at six locations (blocks). Based on preliminary
data and ﬁnancial constraints, however, sampling of northern ﬂying squirrels was limited to three blocks: (1) Watson Falls (Umpqua National Forest, Oregon); (2) Butte (Gifford Pinchot National
Forest, Washington); and (3) Capitol Forest (Washington Department of Natural Resources). Elevations range from 210 m at Capitol Forest to 1310 m at Watson Falls (Halpern et al., 1999).
Douglas-ﬁr (Pseudotsuga menziesii) was the dominant overstory
species in each block (Maguire et al., 2007). At the time of harvest, stand ages ranged from 65 to 130 years. Due to the limited
availability of large, uniform tracts of forest necessary to establish standard ﬂying squirrel trapping grids (Carey et al., 1991),
the stands selected for study were not of uniform age. Watson
Falls (130 years old) was surrounded primarily by older, undisturbed forests. Butte occurred in a matrix of relatively young
(80-year-old) forest of natural, post-ﬁre origin. Capitol Forest
(65-year-old stands that had regenerated naturally after clearcut logging) was surrounded by younger (recent clearcut to
65 year-old), second-growth forests. Experimental units were
square (360  360 m) or slightly rectangular (320  400 m) treatment areas encompassing 13 ha (Maguire et al., 2007). A rectangular sampling grid with 40-m spacing was established on
each treatment unit; points on the grid periphery were 40 m
from the edge of the treatment unit. Each treatment unit had
either 63 or 64 sample points, depending on its shape (7  9 or
8  8 grid). Details on site selection, stand characteristics, and
previous management histories are presented elsewhere (Aubry
et al., 1999; Halpern and McKenzie, 2001; Halpern et al., 2005;
Maguire et al., 2007). The six experimental treatments include
the following (Fig. 1; for details see Aubry et al., 1999):
(1) 100% retention – Control (no harvest).
(2) 75% aggregated retention (75%A) – Three circular 1-ha patch
cuts (gaps) were made in a triangular array, removing 25% of
the basal area in the harvest unit. Inside each gap, all trees
>18 cm at diameter breast height (dbh) were removed.
(3) 40% dispersed retention (40%D) – Dominant and co-dominant trees were retained in an even distribution throughout
the harvest unit. The total basal area retained varied among
blocks, but was equivalent to the basal area (±5%) of the ﬁve
1-ha patches of the corresponding aggregated retention
treatment.
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mammae or position of testes. For adult females, we noted
whether they were currently lactating, or showed evidence of having reproduced the previous summer (post-lactating condition).
Animals were handled in accordance with guidelines established
by the American Society of Mammalogists (ASM, 1998). We obtained collecting permits from the Oregon Department of Fish
and Wildlife and Washington Department of Fish and Wildlife
based on proposed methods approved in advance with the Institutional Animal Care and Use Committees of Oregon State University
and the University of Washington.

2.3. Habitat measurements
Fig. 1. Schematic representation of the six experimental treatments representing
varying levels (proportion of original basal area) and spatial patterns (dispersed or
aggregated) of green-tree retention. From Halpern and McKenzie (2001).

(4) 40% aggregated retention (40%A) – Five undisturbed 1-ha
circular patches were retained at ﬁxed distances. All remaining trees >18 cm dbh were removed.
(5) 15% dispersed retention (15%D) – Dominant and co-dominant trees were retained in an even distribution throughout
the treatment unit. The total basal area retained varied
among blocks, but was equivalent to the basal area (±5%)
of the two 1-ha patches of the corresponding aggregated
retention treatment.
(6) 15% aggregated retention (15%A) – Two undisturbed 1-ha
circular patches were retained at ﬁxed distances (opposite
diagonal halves of the harvest unit). All remaining trees
>18 cm dbh were removed.
Harvests were completed in autumn 1997 in Butte, spring 1998
in Capitol Forest, and autumn 1998 in Watson Falls (Halpern and
McKenzie, 2001). Different yarding methods were used in each
block: helicopter yarding at Butte, suspension cables at Capitol Forest, and ground-based equipment at Watson Falls (Halpern and
McKenzie, 2001). Experimental prescriptions, including yarding
methods, coarse woody debris retention, and snag creation were
applied uniformly among experimental units within each block
to reduce extraneous sources of variation (Aubry et al., 1999).
2.2. Northern ﬂying squirrel sampling
We sampled the 18 experimental units (three blocks  six treatments) for 2 years each, pre- and post-harvest. We conducted the
pre-harvest sampling during autumn 1995 and 1996, and the
post-harvest sampling during autumn 1998 and 1999 (Butte and
Capitol Forest) or autumn 1999 and 2000 (Watson Falls). Sampling
occurred during autumn because this is the period when all age and
sex groups typically are most susceptible to live-trapping (Carey
et al., 1991). Each experimental unit was sampled with an 8  8
or 9  7 array of traps (13-ha) with 40-m spacing between stations
(Carey et al., 1991). We placed 2 Tomahawk No. 201 live traps
(Tomahawk Live Trap, Tomahawk, WI) at each of the 63 or 64 grid
points in each treatment unit; one trap was attached to the bole of
the nearest large tree at a height of 1.5 m, and one live trap was
placed on the ground at each grid point (Carey et al., 1991).
In each sampling year, we trapped all grids for 16 days (two
consecutive 8-day sessions); the ﬁrst starting in mid-late September, the second in mid-late October. We ﬁtted traps with insulated
nest boxes, baited them with a mixture of peanut butter, rolled
oats, and molasses, and checked them daily. We marked captured
ﬂying squirrels with ear tags, weighed them to the nearest gram,
and assessed reproductive status by observing the condition of

Stand- (treatment-) scale measurements of forest habitats were
taken during concurrent studies of ground conditions, understory
vegetation, and forest structure (Halpern and McKenzie, 2001;
Halpern et al., 2005; Maguire et al., 2007). In each experimental
unit, we established nested permanent plots and transects at a
subset of grid points, and sampled each for downed coarse woody
debris, snags, and live trees before and after treatment (see Halpern et al., 1999; Maguire et al., 2007 for details). In the controls
(100%), we established 32 plots at alternate grid points. In aggregated treatments (75%A, 40%A, and 15%A), we established plots
at all ﬁve grid points in each gap or aggregate and in a subset of
points in the surrounding matrix (forest or harvested area). In total,
we sampled 37 plots in 40%A, and 32 plots in 75%A and 15%A. Due
to low post-harvest tree densities in the dispersed treatments
(40%D and 15%D) we sampled all 63 or 64 grid points. Each plot
contained a smaller 0.04-ha circular plot for live trees
(dbh P 5 cm) nested within a larger 0.08-ha circular plot for snags
(>50 cm tall, >25 cm dbh). In each plot, we recorded species and
dbh for each tree or snag. We sampled coarse woody debris
(CWD) using the line-intersect method of Brown (1974), with each
plot sampled by four 6-m lines arranged radially, 4–10 m from the
plot center. We then computed four habitat descriptors from plot
values in each experimental unit for the post-harvest period: (1)
total basal area (m2/ha; BA), (2) total number of snags/ha (Snag);
(3) number of snags P60 cm dbh/ha (Snag > 60); and (4) total volume of coarse woody debris P10 cm dbh (m3/ha; CWD; see
Table 1). For the aggregated treatments, we computed values as
weighted means of the two environments within each treatment.
We quantiﬁed forest ages in the surrounding landscape from
spatial land cover layers using ArcGIS 10.0. We used forest resource
inventory (FRI) data for the Washington blocks, and land cover
data from the Interagency Vegetation Mapping Project (IVMP;
based on Landsat Thematic Imagery) for the Oregon block. We
determined the operational landscape to be a value of 500 m
extending beyond each grid. This distance was chosen for

Table 1
Mean northern ﬂying squirrel (Glaucomys sabrinus) relative abundance (±1 SE) and
measures of stand structure in the post-harvest time period for each green-tree
retention experimental block in western Oregon and Washington. Sample size for
each block is six.
Variables

Experimental block
Watson falls

Butte

Capitol forest

6.7 (±2.5)
0.5 (0.4)

17.3 (±4.6)
2.5 (0.5)

3.2 (±1.3)

24.3 (±5.7)

29.2 (±7.4)

0 (0.2)
29.5 (±8.5)

Snags (no./ha)

18.3 (±4.2)

31.9 (±5)

24.2 (±5)

Snags > 60 (no./ha)

4.4 (±1.7)

13.5 (±2.4)

5.0 (±1.3)

CWD (m3/ha)

145.3 (±21.6)

390.5 (±119.9)

166.0 (±11.7)

LAge > 80 (%)

0.470 (±0.021)

0.113 (±0.027)

0.001 (±0.000)

Total MNKA
No. reproductive females*
BA (m2/ha)

*

Median (and range) values are reported for this variable.
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Table 2
Results of randomized block split-plot ANOVA comparing northern ﬂying squirrel
(Glaucomys sabrinus) abundance before and after harvest (period) among the six
green-tree retention treatments (treatment) in the three experimental blocks in
western Oregon and Washington.
ANOVA terms

SS

df

MS

F

P

Block
Treatment
Block  treatment (whole plot error)
Period
Period  treatment
Residual

24.31
5.87
16.95
35.22
17.67
8.35

2
5
10
1
5
12

12.15
1.17
1.69
35.22
3.53
0.70

7.17
0.69

0.012
0.641

50.60
5.08

<0.001
0.001

comparability with other studies (Holloway and Malcolm, 2006),
and because it corresponded with the average seasonal movement
distances observed for northern ﬂying squirrels in a long-term
study in western Washington (Wilson, 2010). We extracted landscape variables as the percentage of total area in each of four age
classes: 0–30, >30–80, >80–200, and >200 years (the latter two
considered to be ‘‘mature’’ forest). Finally, we corrected all ages derived from FRI and IVMP to the post-harvest period (1998).

2.4. Data analysis
We estimated the relative abundance of ﬂying squirrels in the
pre- and post-harvest time periods as the minimum number
known alive (MNKA; Krebs, 1966) across all four trapping sessions.
MNKA is an index commonly used as a measure of abundance for
comparative purposes (Slade and Blair, 2000). We chose MNKA as
the most appropriate estimator because the low number of recaptures between grid sessions would bias population density estimators (Rosenberg and Anthony, 1992). Moreover, MNKA estimates
are strongly correlated with modeled density estimates (Holloway
and Malcolm, 2006; Wilson, 2010). Although recently developed
methods can be used to model detectability and density from multi-year studies such as the DEMO experiment (e.g., Converse and
Royle, 2012), it is unclear how well these approaches would perform when there is very low capture probabilities and high heterogeneity among individual animals, combined with many
dispersing individuals potentially present on individual grids for
short periods of time.
To compare northern ﬂying squirrel responses to harvest treatments, we used a randomized block split-plot analysis of variance
(ANOVA), with harvest treatment as the whole-plot (ﬁxed effect)
and harvest period (pre- and post-) as the split plot (random effect); experimental block was also included as a random effect.
We square-root transformed total MNKA to normalize the variance. Following the ANOVA, we conducted four a priori orthogonal
contrasts of post-harvest abundance to test the following
hypotheses:
(1) Abundance (MNKA) will be signiﬁcantly greater in control
(100%) and 75% retention treatments than at lower levels
of retention (100% + 75%A > 40%A + 40%D + 15%A + 15%D).
(2) Abundance (MNKA) will differ in aggregated and dispersed
treatments (40%A + 15%A – 40%D + 15%D).
(3) In aggregated treatments, abundance (MNKA) will be greater
at 40% than at 15% retention (40%A > 15%A).
(4) In dispersed treatments, abundance (MNKA) will be greater
at 40% than at 15% retention (40%D > 15%D).
The ﬁrst hypothesis tested whether northern ﬂying squirrels responded to signiﬁcant reduction and fragmentation of local habitat. The second addressed the overall response to spatial pattern
of retention. The last two tested whether minimum retention

standards (15%) were less effective than 40% retention in providing
suitable habitat and whether this depended on the spatial pattern
in which trees were retained.
We used mixed-model regression analysis to investigate the
inﬂuence of stand structural and landscape predictors on two measures of response: (1) ﬂying squirrel relative abundance (MNKA)
and (2) number of reproductive females. The analysis of reproductive females included all individuals which showed any evidence of
reproductive activity. Experimental block was included as a random effect in both analyses. We used mixed-effect linear regression to analyze total abundance (MNKA) and mixed-effect
generalized-linear Poisson regression to analyze the number of
reproductive females. We considered an a priori set of candidate
models for each response variable based on expert opinion and
published relationships (see Tables 3 and 4). Predictors included
basal area, snag density, CWD volume, and percentage of surrounding landscape in forest >80 years old (LAge > 80; see Table 1
for summary values by block). The ﬁrst three variables are strongly
correlated with northern ﬂying squirrel abundance (Carey et al.,
1999; Smith et al., 2004; Holloway and Malcolm, 2006; Wilson,
2010) and the fourth is known to be important in inﬂuencing both
local-scale abundance (Shanley et al., 2012) and dispersal success
(Smith et al., 2011). The combinations of variables in the candidate
set is based on known interdependencies among variables; for
example, in younger stands with lower basal area, greater density
of large snags can signiﬁcantly increase northern ﬂying squirrel
density (Rosenberg and Anthony, 1992). We used an information
theoretic approach (Burnham and Anderson, 1998) to identify the
best predictors of total abundance and the number of reproductive
females. Models with the lowest Akaike Information Criterion corrected for small sample sizes (AICc) and highest Akaike weight (wi)

Table 3
Candidate model set and results for relative abundance of northern ﬂying squirrels
(Glaucomys sabrinus) among the six green-tree retention treatments in the three
experimental blocks in western Oregon and Washington.
Candidate model set

K

AICc

DAICc

wi

Null
Snags
Snags > 60
CWD
BA
BA + Snags
BA + Snags > 60
BA + CWD
LAge > 80
BA + LAge > 80
Snags > 60 + LAge > 80
BA + Snags > 60 + LAge > 80

2
3
3
3
3
4
4
4
3
4
4
5

70.77
75.84
76.44
84.54
70.11
78.8
72.96
83.04
69.62
68.62
76.43
73.92

2.15
7.22
7.82
15.92
1.49
10.18
4.34
14.42
1
0
7.81
5.3

0.13
0.01
0.01
0
0.18
0
0.04
0
0.23
0.37
0.01
0.03

Table 4
Candidate model set and results for relative abundance of northern ﬂying squirrel
(Glaucomys sabrinus) reproductive females among six green-tree retention treatments
in the three experimental blocks in western Oregon and Washington.
Candidate model set

K

AICc

DAICc

wi

Null
Snags
Snags > 60
CWD
BA
BA + Snags
BA + Snags > 60
BA + CWD
LAge > 80
BA + LAge > 80
Snags > 60 + LAge > 80
BA + Snags > 60 + LAge > 80

2
3
3
3
3
4
4
4
3
4
4
5

17.73
18.15
18.73
19.39
17.20
18.85
16.81
16.84
20.36
19.79
21.89
20.03

0.92
1.34
1.92
2.58
0.39
2.04
0.00
0.03
3.55
2.98
5.08
3.22

0.11
0.09
0.07
0.05
0.15
0.06
0.18
0.17
0.03
0.04
0.01
0.04
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3. Results
3.1. Inﬂuence of green-tree retention harvest on northern ﬂying
squirrels

40

Post-harvest relative abundance (MNKA)

were determined to have the best ﬁt among the candidate model
set. We used quasi AICc (QAICc) for the analysis of reproductive females to account for over-dispersion. The AICc/QAICc values (difference between each given model and the minimum AICc/QAICc) and
the Akaike weight (wi) were calculated for both response variables.
We conducted the ANOVA analysis in STATA version 11.2 (STATA
Corp LP, College Station, TX, USA), whereas we conducted all
regression analyses in R ver. 2.10 (R Development Core Team) with
the ‘lme4’ package (Bates et al., 2012).

Treatment
100%
75%A
40%D
40%A
15%D
15%A

30

y = 0.98 + 0.209x, R2= 0.264

20

10

0

Overall, we captured 405 and 163 individual northern ﬂying
squirrels before and after harvest, respectively. Abundance varied
signiﬁcantly among blocks (P = 0.012; Table 2). As we predicted,
relative abundance declined strongly after harvest in the 40% and
15% retention treatments (P < 0.001; Fig. 2, Table 2). Effects of
treatment also were signiﬁcant (signiﬁcant period  treatment
interaction; P = 0.001, Table 2). Variation in post-harvest abundance supported hypothesis 1: relative abundance in 100% and
75%A was signiﬁcantly greater than at lower retention (40%A,
40%D, 15%A, and 15%D; P = 0.01). Hypothesis 4 also was supported:
in dispersed treatments, relative abundance was signiﬁcantly
greater at higher retention (40%D > 15%D; P = 0.05). However, results did not support Hypothesis 2 (overall response to pattern;
P = 0.32) or Hypothesis 3 (response to level of retention in aggregated treatments; P = 0.45; Table 2).
3.2. Inﬂuence of local- and landscape-scale factors on northern ﬂying
squirrels
Northern ﬂying squirrel abundance was correlated with both
local (treatment-unit) forest structure and forest age in the
surrounding landscape (Table 3). Among candidate models, the
best-ranked model included local basal area and amount of mature
forest (>80 yr) in the surrounding landscape (both positive relationships; Fig. 3, Table 3). The next two best ranked models

40

Relative abundance (MNKA)

20

10

75%A

20

30

40

50

60

70

Post-harvest basal area (m2/ha)
Fig. 3. Relationship between post-harvest northern ﬂying squirrel (Glaucomys
sabrinus) abundance (MNKA) and basal area (with effect of experimental block
partialled out) among the six green-tree retention treatments in each block (n = 3
blocks) in western Oregon and Washington. Treatment codes are: 100% = control,
75%A = 75% aggregated retention, 40%D = 40% dispersed retention, 40%A = 40%
aggregated retention, 15%D = 15% dispersed retention, 15%A = 15% aggregated
retention.

included either basal area or percent of mature forest. Overall,
the combined AICc weight of the top 3 models was 0.78 demonstrating basal area and the amount of mature forest are strongly
correlated with north ﬂying squirrels relative abundance.
In contrast, only stand structural variables were selected in the
best-ranked models for abundance of reproductive females, with
the top three models similarly ranked (Table 4). Each of these models included basal area. Two contained either density of snags
P60 cm dbh or volume of CWD (both positive relationships). In
all three of the top models, all predictors were signiﬁcant at
P < 0.005. However, there was little support for the importance of
these additional factors; basal area had the strongest inﬂuence
on abundance of reproductive females with an AIC importance
weight for BA = 0.64, compared with AIC importance weights of
0.30 and 0.22 for Snags > 60 and CWD, respectively.

4.1. Inﬂuence of timber harvest
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Fig. 2. Pre- and post-harvest relative abundance (mean MNKA ± 1 SE) of northern
ﬂying squirrels (Glaucomys sabrinus) among the six experimental green-tree harvest
treatments in western Oregon and Washington. Treatment codes are: 100% = control, 75%A = 75% aggregated retention, 40%D = 40% dispersed retention, 40%A = 40%
aggregated retention, 15%D = 15% dispersed retention, 15%A = 15% aggregated
retention.

This study was part of a broader experiment designed to assess
ecological responses to green-tree retention in mature coniferous
forests of the Paciﬁc Northwest (Aubry et al., 1999, 2009). The
prediction that northern ﬂying squirrel abundance would decline
following signiﬁcant reduction and fragmentation of forest cover
was supported (Hypothesis 1). Abundance was signiﬁcantly higher
in untreated (100%) and mostly intact forests (75%A) than at lower
levels of retention (40% and 15%). This clearly indicates that retention levels 640% result in stand conditions with poorer quality
habitat for northern ﬂying squirrels. In the Paciﬁc Northwest,
northern ﬂying squirrel abundance is greatest in old-growth forests characterized by greater numbers of larger trees and the presence of multi-layered forest canopies (Carey et al., 1999, 1992;
Smith, 2007; Smith et al., 2004; Wilson, 2010). Dense, complex
canopies are thought to be critical for predator avoidance because
they provide protective cover in both the horizontal and vertical
planes (Carey, 2000b; Wilson, 2010). This is an important consideration for management given that avian predators (particularly
owls) are a primary threat to northern ﬂying squirrels (Carey
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et al., 1992; Smith, 2007). In this study, all lower retention treatments opened the canopy and reduced the density of dominant
canopy trees (Maguire et al., 2007), which likely increased the
probability of detection by predators and reduced the potential
for movement through stands (Smith, 2007; Smith et al., 2011).
We were unable to detect a signiﬁcant effect of retention pattern (aggregated vs. dispersed) on northern ﬂying squirrel abundance (Hypothesis 2). However, our ability to do so may have
been hindered by a low sample size (n = 3) and by variation in
landscape context among experimental blocks (Table 1). Despite
the absence of a signiﬁcant effect of retention pattern, mean abundance values in dispersed treatments were consistently low, suggesting that these are particularly unsuitable habitats for
northern ﬂying squirrels. Indeed, in this study the 40% dispersed
treatments produced stand structures (particularly tree density
and canopy cover) similar to those of shelterwood harvest, which
are unsuitable for northern ﬂying squirrels in other forest types
(Waters and Zabel, 1995; Holloway and Malcolm, 2006). Moreover,
reducing basal area to 15% retention further decreases the habitat
quality relative to 40% dispersed treatment, demonstrating the 15%
minimum retention standard will not sustain northern ﬂying
squirrel populations in harvested stands.
Although not tested explicitly, abundance values at high levels
of retention (75%) appeared to indicate no short-term effect on
northern ﬂying squirrel abundance relative to controls. Although
the resulting gaps (112 m in diameter) are large enough to prevent
movement across them (Flaherty et al., 2010a, 2008), individuals
are able to glide along edges (Scheibe et al., 2006; Vernes, 2001).
However, as retention decreased to 40% in aggregated treatments,
the larger non-forested clearings are likely to have prevented gliding and increased the energetic cost of movement (Flaherty et al.,
2010a; Scheibe et al., 2006). Northern ﬂying squirrels respond negatively to number and size of large canopy gaps (Patterson and
Malcolm, 2010; Shanley et al., 2012; Wilson, 2010), which suggests
that the 40%A treatment will provide poor northern ﬂying squirrel
habitat in the long term. The probability of northern ﬂying squirrels persisting in the small 1-ha ‘‘islands’’ which are retained in this
treatment is low (Smith and Person, 2007) due to expected low
immigration rates (Smith et al., 2011). That said, this study focused
on immediate responses to green-tree retention, and the longerterm consequences for northern ﬂying populations of varying levels and spatial patterns of retention will require further
investigation.
4.2. Inﬂuence of stand structure on northern ﬂying squirrels
The results of regression analyses were consistent with interpretations of treatment effects. At the scale of harvest units, residual basal area was the best predictor of total abundance and the
number of reproductive females. High basal area is characteristic
of older coniferous forests that support a greater density of larger
trees (Committee on Environmental Issues in Paciﬁc Northwest
Forest Management, 2000; Spies and Franklin, 1991). Our results
are consistent with a large body of research in natural and managed forests of the Paciﬁc Northwest indicating that northern ﬂying squirrel abundance is higher in older forests with more
complex canopy structures (Carey et al., 1992, 1999; Carey, 1995,
2000b; Waters and Zabel, 1995; Herbers and Klenner, 2007;
Wilson, 2010).
Northern ﬂying squirrel use of older forests is related to several
aspects of their ecology, including greater availability of food and
diurnal nests (Carey et al., 1997; North et al., 1997; Pyare et al.,
2010; Smith, 2007). Hypogeous fungal productivity (trufﬂe abundance) is associated with old-forest features, including a welldeveloped organic soil layers, abundant coarse woody debris, and
the presence of large, old trees (North et al., 1997; Waters and

Zabel, 1995). Northern ﬂying squirrel survival and recruitment
(Lehmkuhl et al., 2006) and population density (Gomez et al.,
2005) also are related to trufﬂe biomass. In a study of seasonal patterns of ectomycorrhizal sporocarp (including trufﬂe) production
in a subset of the DEMO blocks, Luoma et al. (2004) observed signiﬁcant but highly variable reductions in sporocarp biomass in all
treatments, with virtual elimination of production at low levels of
aggregated retention (15%A). Finally, northern ﬂying squirrels use
larger live trees and snags preferentially for denning, and maternal
dens are nearly always in cavities (Carey et al., 1997; Smith, 2007).
Beyond the positive relationship with basal area, additional
measures of forest structure in our study explained little variation
in the abundance of reproductive females. A simple explanation for
the weak correlation of large snags and CWD in the current study is
that these habitat features were not limiting. In high quality oldgrowth habitat, large trees, snags or decayed down wood were
not signiﬁcant predictors of microhabitat use (Smith et al., 2004).
However, in their study these features explained 65% and 77% of
the variation, respectively, in northern ﬂying squirrel population
density across habitats types. In habitats where large trees and
snags were much less available (order of magnitude lower density), the odds of capturing northern ﬂying squirrels increased
17-fold with every unit increase (10 stems/ha) in large tree or snag
density. Given the low weights of even the best-ﬁt models, the effects of retention harvest on reproductive female abundance
clearly require further study, especially as they relate to the roles
of large trees, snags, and CWD in reproductive success and how
population density inﬂuences those relationships.
4.3. Landscape-scale inﬂuences on northern ﬂying squirrels
Landscape context is critical to understanding northern ﬂying
squirrel response to local habitat conditions (Smith et al. 2004,
Smith and Person, 2007) and especially to recent disturbance
(Ritchie et al., 2009; Pyare et al., 2010). In the current study, northern ﬂying squirrel abundance was positively correlated with the
amount of mature (>80-year-old) forest in the surrounding landscape. Northern ﬂying squirrels require an interconnected matrix
of high-quality habitats to allow both breeding individuals and dispersing juveniles to move freely through the matrix and support
self-sustaining populations (Smith et al., 2011). In managed landscapes, residual patches of high-quality habitat can mitigate some
of the negative short-term effects of habitat loss and fragmentation
(Pyare et al., 2010; Shanley et al., 2012), in addition to increasing
the likelihood that viable populations can persist in the long term
(Smith et al., 2011). In contrast, large clearcuts may act as barriers
to dispersal and movement (Flaherty et al., 2008, 2010b) and can
isolate or fragment high-quality habitats (Smith et al., 2011).
Because northern ﬂying squirrels are unlikely to occupy (Shanley
et al., 2012) or persist for extended periods (>25 years) in relatively
small (<50 ha) habitat fragments (Smith and Person, 2007),
sustaining viable populations in intensively managed landscapes
requires that landscapes are permeable and subpopulations are
functionally connected (Smith et al., 2011).
We acknowledge that the relationship with age of surrounding
forests is correlative and the variation in northern ﬂying squirrel
abundance we observed among blocks could have been a result
of several other factors (Smith, 2007; Wilson, 2010). In the Paciﬁc
Northwest (PNW) region, northern ﬂying squirrel abundance varies directly with multivariate factors such as ‘‘decadence’’, which
is positively correlated with density of large snags and cover of
downed wood, or ‘‘crown class diversiﬁcation’’, which is correlated
with density of large conifers (>50 cm dbh), herbaceous and midstory cover, and foliage-height diversity (Carey et al., 1999). Across
the range of the northern ﬂying squirrel, numerous studies have
established direct relationships between population density and
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similar stand structural or compositional features, including large
diameter trees (Ford et al., 2004; Menzel et al., 2004; Smith
et al., 2004; Gomez et al., 2005; Lehmkuhl et al., 2006), large snags
(Carey, 1995; Carey et al., 1999; Smith et al., 2004; Holloway and
Malcolm, 2006), CWD (Carey et al., 1999; Smith et al., 2004), trufﬂe
abundance (Waters and Zabel, 1995; Gomez et al., 2005; Lehmkuhl
et al., 2006), and the composition of ecological mammal communities (Smith, 2012). The landscapes sampled in this study represent
a broad range of forest types, structures, and ages that inﬂuence
the composition and dynamics of forest communities in western
Oregon and Washington (Spies and Franklin, 1991). It is unlikely
that age of forest stands in the surrounding landscape alone is
responsible for variation in northern ﬂying squirrel abundance.
4.4. Conclusions
Northern ﬂying squirrels are obligate forest species that appear
resilient to small changes in forest structure. Clearly, the current
minimum retention standard of 15% will not provide suitable habitat for this species. Instead, responses to the experimental treatments in this study suggest a tolerance threshold in west-side
forests of somewhere between 40% and 75%. Reﬁning this threshold would require additional experimentation at intermediate levels of retention. Due to limited replication we are unable to
determine whether aggregated retention can mitigate the impacts
of harvesting on northern ﬂying squirrels. However, our results and
those of previous studies suggest that the reduced canopy cover
found in dispersed treatments, even at levels >40%, is unlikely to
provide conditions suitable for northern ﬂying squirrels.
Our results also underscore that northern ﬂying squirrel responses to local changes in structure (harvesting treatments) can
be inﬂuenced by landscape context, which should be considered
explicitly in future management and research. Because the ages
and structures of managed forests can vary signiﬁcantly in this region, we caution against developing generic prescriptions for
green-tree retention without further evaluation, perhaps through
adaptive management of local conditions that can inﬂuence biotic
responses. For northern ﬂying squirrels, green-tree retention may
not be effective in landscapes dominated by recent harvests. A conservative approach would limit implementation (especially lower
levels of retention) in landscapes dominated by early-seral vegetation. Because patch size and forest age within patches has a strong
positive inﬂuence on the occurrence or persistence of ﬂying squirrels (Smith and Person, 2007; Ritchie et al., 2009; Patterson and
Malcolm, 2010; Shanley et al., 2012), we suggest that green-tree
retention strategies will be most effective in landscapes matrices
with a diverse mix of recent harvests and functionally connected
old forest patches.
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