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Habitat reserves are a common strategy used to ensure viability of wildlife populations
and communities. The efficacy of reserves, however, is rarely empirically evaluated.
We examined the likelihood that small (650 ha), isolated habitat reserves composed of
old-growth Sitka spruce (Picea sitchensis)-western hemlock (Tsuga heterophylla) rain forest
(upland-OG) and mixed-conifer peatlands (peatland-MC) would sustain populations of
northern flying squirrels (Glaucomys sabrinus) in the absence of immigration or emigra-
tion within the Tongass National Forest in Southeast Alaska. We used demographic data
obtained from a study of flying squirrels on Prince of Wales Island in Southeast Alaska
and litter size from flying squirrels in similar habitat to estimate per capita rate of
increase (r) of flying squirrels in upland-OG (r = 0.14, SD = 0.42) and peatland-MC habitats
(r=0.01, SD =0.39). Our results indicated that peatland-MC habitat was unlikely to sus-
tain populations and that viability of flying squirrel populations in small habitat reserves
largely depended on the upland-OG forest component. We subsequently estimated time
to extinction (Ty) based on r, its variance (v), and the potential population ceiling (K). We
used Ty to calculate the probabilities (P;) that squirrel populations would persist in small
reserves containing 100%, 50%, and 25% upland-OG habitat for 25, 50, and 100 years. In
each scenario, we calculated Ty and P; for 2 levels of v. For the best-case scenario (100%
upland-OG forest, lowest variance, t = 25 years), Ty was 507 years and P; was 0.95. For the
worst-case scenario (25% upland-OG forest, highest variance, t=100 years), Ty was 237
years and P, was 0.66. Minimum patch size of upland-OG forest required for a high prob-
ability (P;=0.95) of sustaining a flying squirrel population in isolation with relatively low
demographic variability (v=0.34) for 25, 50, or 100 years was 578, 5077, and 78,935 ha,
respectively. We concluded that it was unlikely that small isolated habitat reserves could
sustain populations of flying squirrels for >25 years in the absence of immigration. Con-
sequently, dispersal among small reserves is critical to ensure that they function to sup-
port metapopulations of northern flying squirrels.
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1. Introduction

Viability of wildlife populations and biological diversity are
important land management issues for public (Thomas,
1991, Possingham et al., 1993; Marcot and Murphy, 1996; Iver-
son and Rene, 1997) and industrial lands (Smith and Pashley,
1994; Bullock and Wall, 1995; Lindenmayer and Possingham,
1996) because wildlife species are valued by many segments
of society (Catton and Mighetto, 1998; Leopold, 1933; Naess,
1986), and because the persistence of wildlife at ‘ecologically
effective’ densities (sensu Soulé et al., 2003, p. 1239) is a cru-
cial component of healthy ecosystems (Gilbert, 1980; Pet-
chey, 2000; Pimm, 1991; Pyare and Berger, 2003; Soulé
et al., 2003). Fragmentation and loss of habitats are associ-
ated with the rapid decay of ecological and evolutionary
diversity worldwide (Reed, 2004). Indeed, habitat loss has
been implicated as a causal factor in declines of 83% and
89% of all threatened birds and mammals, respectively (Pere-
ira et al., 2004). Undoubtedly, global demands for natural re-
sources will increase and land managers will experience
greater and more complex challenges to safeguarding biolog-
ical diversity and ecosystem functions and services (Newton
and Freyfogle, 2005a; Newton and Freyfogle, 2005b; Smith
and Zollner, 2005).

The conservation of northern flying squirrel (Glaucomys
sabrinus) populations in temperate rain forests of Southeast
Alaska may represent one such challenge. The northern fly-
ing squirrel is a small (<200 g), forest dwelling, arboreal ro-
dent that relies on gliding as its primary (and perhaps
exclusive) means of travel (Wells-Gosling and Heaney, 1984;
Scheibe et al., 2006). Flying squirrels are abundant and
widely distributed within forested portions of the region
(Smith, 2005). Smith and Nichols (2003) reported that spring
population densities of squirrels on Prince of Wales Island
averaged 1.80 squirrels/ha in upland old-growth forest and
1.15 squirrels/ha in peatland-scrub/mixed-conifer forest.
Like flying squirrels elsewhere (e.g., Pteromys volans), G. sabri-
nus may be sensitive to industrial-scale harvesting of timber
that eliminates mature forest across landscapes (Hanski
et al.,, 2000; Hokkanen et al., 1982). Such disturbances frag-
ment continuous populations into isolated patches (Gilpin,
1996) that, if unchecked, can ultimately lead to extirpation
of flying squirrels from an entire region (Hokkanen et al.,
1982).

Southeast Alaska (i.e., Alexander Archipelago and nar-
row mainland panhandle) contains the largest intact tem-
perate rain forest in North America and one of the largest
in the world. This region includes about 2.7 million ha of
glaciers and rocky mountain peaks, 2 million ha of scrub
forests and peatlands, and 2.0 million ha of commercially
valuable old-growth forest (USDA Forest Service, 2003, pp.
3-43). The island topography naturally fragments much of
the forest among >20,000 islands that range in size from
0.5ha to 6700km? (USDA Forest Service, 1997). Approxi-
mately 160,000 ha of the most productive forest stands have
been clearcut logged (USDA Forest Service, 2003: 3-43),
prompting concerns about the cumulative effects of timber
harvests on forest plant and animal communities and sus-
tainability of ecosystem functions and services (Everest
et al, 1997; Shaw, 1999). To address those concerns, the

US Forest Service revised the Tongass Land Management
Plan (TLMP) in 1997 to include a conservation strategy
designed to sustain terrestrial wildlife communities in
an integrated system of large (>16,200ha), medium
(>4050 ha), and small (>650 ha) old-growth forest reserves
(USDA Forest Service, 1997, K-1). The strategy includes
30.5m wide riparian buffers, which if wind firm over the
planning horizon, might provide some connectivity between
old-growth reserves. Those reserves are expected to support
viable populations of forest-dependent species either within
individual reserves or among a collection of reserves that
sustain a metapopulation structure (sensu Hanski and Gil-
pin, 1991; USDA Forest Service, 1997, N-16; Flynn et al,
2004).

To monitor the effectiveness of the OGR strategy, the
northern flying squirrel was proposed as one of several man-
agement indicator species (Suring, 1993) because its abun-
dance may reflect old-growth forest condition (Carey, 1989,
2000; Carey et al., 1999) and because of specific habitat
requirements for efficient locomotion (Scheibe et al., 2006).
Its small size and home range make it particularly well sui-
ted for evaluating the effectiveness of small OGRs. Our
objective was to evaluate the potential of individual small
OGRs to sustain breeding populations of flying squirrels.
Two habitat types predominate in most OGRs: upland old-
growth forest (upland-OG) and mixed-conifer peatlands
(peatland-MC). Upland old-growth forest is ostensibly the
primary habitat for flying squirrels; however, Smith and Nic-
hols (2003) observed relatively high densities of squirrels in
peatland-MC on Prince of Wales Island and concluded that
peatland-MC habitat may be capable of sustaining flying
squirrel populations. We evaluated the potential contribu-
tion of each of these habitats to population viability using
demographic data obtained from live trapping studies in
both habitats. We then estimated time to extinction (Ty)
and probability of persistence (Py) for flying squirrel popula-
tions occupying small OGRs composed of different propor-
tions of upland-OG and peatland-MC habitats. Specifically,
we addressed the following questions:

1. Can peatland-MC habitat support viable squirrel popula-
tions in isolation given demographic rates observed by
Smith and Nichols (2003)?

2. Are flying squirrels likely to persist in isolation over peri-
ods of 25, 50, or 100 years in small OGRs composed of (a)
exclusively upland-OG, (b) exclusively peatland-MC, (c) a
mixture of upland-OG and peatland-MC consistent with
TLMP guidelines for the ‘preferred’ habitat objective of
small OGRs, or (d) a mixture of upland-OG and peatland-
MC consistent with TLMP guidelines for the ‘minimum’
habitat objective of small OGRs?

3. How sensitive is ‘persistence’ of flying squirrel populations
isolated in small OGRs to variance in r compared with pop-
ulation size?

4. What is the size and habitat composition of an isolated
OGR needed to achieve 85%, 90%, and 95% probability of
persistence (i.e., range of relatively high probabilities
that land managers might consider regarding the risk
of policy decisions) for periods of at least 25, 50, and
100 years?
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Thus, our analysis modeled the dynamics of northern flying
squirrel populations occupying isolated fragments in a matrix
of unsuitable habitat.

2. Methods

2.1. Study area

The Tongass National Forest encompasses 6.8 x 10°ha of
Southeast Alaska (USDA Forest Service, 1997). The region is
unique with many naturally fragmented landscapes, a dy-
namic geological history (MacDonald and Cook, 1996), and
coastal temperate rain forest (Alaback, 1982; Harris and Farr,
1974). It has a cool, wet (200-600 cm precipitation) maritime
climate; mean monthly temperatures range from 13°C in
July to 1°C in January (Searby, 1968). Coniferous rain forests
are distributed among islands of the Alexander Archipelago
and along the narrow mainland, which is essentially isolated
from the interior of North America by mountains, glaciers,
and ice fields. Topography, geology, climate, and other envi-
ronmental features create a variety of isolated habitats on is-
lands and the mainland; spatial heterogeneity occurs at
multiple spatial scales in a manner rarely found elsewhere
(MacDonald and Cook, 1996). The movement of non-volant
vertebrates among islands or between the mainland and is-
lands is uncommon and likely contributes to the nested
structure and varied composition of mammal assemblages
across the region (Conroy et al., 1999). Fragmentation of nat-
ural forest habitats has increased substantially since the
mid-20th century because of extensive clearcut logging
throughout the region (USDA Forest Service, 1997; USDA For-
est Service, 2003).

We obtained demographic data from a study of flying
squirrels located on north-central Prince of Wales Island
(Smith and Nichols, 2003). Four decades of intensive logging
in the study area created an ideal setting for examining the
dynamics of G. sabrinus populations among old-growth forest
remnants in a matrix of young (<50 years old) managed forest
habitats. The study included sites that were largely in unman-
aged patches within logged landscapes. These patches were
composed of two common forest habitats that reflect the
range of canopy and forest structure in temperate rain forests
of Southeast Alaska: upland-OG and peatland-MC (Harris and
Farr, 1974; Smith et al., 2005).

Upland-OG comprised several plant associations of Sitka
spruce (Picea sitchensis)-western hemlock (Tsuga heterophylla)
forests (DeMeo et al., 1992) and to a lesser extent yellow cedar
(Chamaecyparis nootkatensis) and red cedar (Thuja plicata). The
Tsuga-Picea forest type constituted most of the closed-canopy
forests in the region and included riparian forests as well as
upland sites (Alaback, 1982; Harris and Farr, 1974). Typically,
upland-OG had an uneven-aged multi-layered overstory,
dominant trees >300 years old, and extensive structurally di-
verse understories with dense patches of Vaccinium (Alaback,
1982; DeMeo et al., 1992; Harris and Farr, 1974; Ver Hoef et al.,
1988). Stands were spatially heterogeneous at a scale of <1 ha
(Schoen et al., 1984), occurred on low elevation (<500 m), well-
drained sites, often as a mosaic with muskegs (peatlands),
and had a closed canopy of tall (~60 m), large (<2.5 m diame-
ter) trees (Alaback, 1982; Harris and Farr, 1974).

Peatland-MC habitat differed markedly from upland-OG,
especially the patchiness of dense forest canopy cover, which
was a consequence of highly variable soil composition and
moisture gradients (Neiland, 1971). It was heterogeneous at
a scale of tens of meters — a complex of open- to sparsely-can-
opied muskegs intermixed with patches of mixed-conifer
vegetation that occur on gently sloping, elevated accretions
of better-drained, mineral soil (Neiland, 1971; DeMeo et al,,
1992). Conifer vegetation included yellow cedar, red cedar,
western hemlock, shore pine (Pinus contorta var. contorta) and
mountain hemlock (Tsuga mertensiana). Understory vegeta-
tion varied considerably. Open areas with little overstory typ-
ically were comprised of a mixture of herbaceous and woody
species, including sedges, grasses, skunk cabbage (Lysichitum
americanum) and Labrador tea (Ledum glandulosum); blueberry
dominated areas with well-developed overstories.

2.2.  Habitat composition of small old-growth reserves

To meet biological objectives of the old-growth reserve strat-
egy, TLMP stipulates that >16% of the total acreage
(x = 4050 ha) in Visual Comparison Units (i.e., major water-
sheds) be retained in undeveloped condition, which on the
Tongass National Forest averaged =~650ha (i.e., 0.16x
4050 ha; USDA Forest Service, 1997). If not met by other pre-
scriptions, then at least 16% of the watershed (i.e., 650 ha)
must be set aside as a small OGR. The ‘preferred’ biological
objective is for each small OGR to contain >325ha (i.e., 50%
of small OGR) of contiguous, productive old growth (upland-
OG with >27,000 board-feet/acre; Julin and Caouette, 1997).
In watersheds <2025 ha reserves may contain a ‘minimum’
of 162.5 ha (i.e., 50% of 0.16 x 2025) of upland-OG (USDA Forest
Service, 1997, K-2). Composition of the remaining acreage in
each small OGR for preferred or minimum options is unspec-
ified. We examined four scenarios of small OGR habitat com-
position: (a) 100% upland-OG forest; (b) 100% peatland-MC; (c)
50% upland-OG forest and 50% peatland-MC (‘preferred’
objective); and (d) 25% upland-OG forest and 75% peatland-
MC (‘minimum’ objective).

2.3.  Population dynamics and persistence in small old-
growth reserves

To evaluate the potential for small OGRs to sustain popula-
tions independently, we estimated average per capita rates
of increase (r) in the absence of immigration or emigration.
We constructed a simple birth-death (b-d) process model
for northern flying squirrel populations in both upland-OG
and peatland-MC habitats:

r=b-d, ey

where b =percent females in population x percent females
reproducing x average litter size, and d = percent of total pop-
ulation dying annually. We used live trapping data obtained
between 1999 and 2001 from Prince of Wales Island (Smith
and Nichols, 2003) to estimate means and standard deviations
for annual proportions of females in the populations, propor-
tions of females breeding, and rates of mortality for squirrels
in each habitat type (Table 1). Smith and Nichols (2003) re-
ported no differences between years in those rates, therefore
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Table 1 - Parameter estimates used in Monte Carlo
simulations of our birth-death model to estimate per
capita rate of increase (r) for northern flying squirrels

(Glaucomys sabrinus) occupying upland old-growth
(upland-OG) and peatland-scrub/mixed-conifer
(peatland-MC) rain forests, Southeast Alaska, USA,
1999-2001

Parameter Habitat
Upland-OG  Peatland-MC
x (SD) x (SD)
Litter size® 2 (1) 2 (1)
Percent females in 0.45 (0.04) 0.37 (0.05)
the population®

Percent females reproductive® 0.76 (0.06) 0.76 (0.07)
Annual mortality rate® 0.53 (0.10) 0.54 (0.15)

a Villa et al. (1999).
b Smith and Nichols (2003).

we pooled the data across years. Average litter size and its
standard deviation were obtained from data (1993-1997) for
northern flying squirrels in the Puget Trough of Washington
(Villa et al., 1999) and used for flying squirrels in both habitats
(Table 1). We simulated our birth-death model for northern
flying squirrel populations in upland-OG and peatland-MC
rain forests using Monte Carlo techniques where parameters
were sampled repeatedly from normal distributions defined
by their means and standard deviations. We performed 4000
simulations of the birth-death model to estimate the average
value of r in each habitat.

Substantial empirical evidence indicates that northern fly-
ing squirrels exhibit density-dependent population growth
(Fryxell et al., 1998; Lehmkuhl et al., 2006). Consequently, we
estimated Ty using a model described by Foley (1994) that
incorporates density-dependent population growth with re-
spect to carrying capacity (K):

2
TNzk—* {1+g* <E>} where k
v 3 v

=1In(K) and v is variance in r. (2)

The model moderates population extremes compared with
density-independent models of extinction (Goodman, 1987),
and therefore, tends to predict longer times to extinction
(Boyce et al., 2001). We used our simulated estimates of r for
each habitat in Eq. (2) and estimated v from two different
sources (Table 2). We estimated v for squirrels in upland-OG
and peatland-MC habitats using data from a 3-year demo-
graphic study of northern flying squirrels on Prince of Wales
Island (Smith and Nichols, 2003). Arguably, 3 years of demo-
graphic data usually will underestimate variance, especially
in small mammal populations (Beissinger and Westphal,
1998). However, flying squirrel populations increased dramat-
ically in both habitats between 1998 and 2001 (Smith and Nic-
hols, 2003), and we likely captured a period of rapid growth
similar to those described by Fryxell et al. (1998). Also, we
used an estimate of v from a 43-year demographic study of
northern flying squirrels in Ontario, Canada (Fryxell et al,,
1998), which represented the longest time series for northern
flying squirrel populations published in North America. We
used that estimate of v to predict Ty for populations in both

Table 2 - Parameter estimates used in models to predict
times to extinction for flying squirrels (Glaucomys

sabrinus) in upland old-growth (upland-OG) and
peatland-scrub/mixed-conifer (peatland-MC) rain forests,
Southeast Alaska, USA

Parameter Habitat
Upland-OG Peatland-MC

r? 0.14 0.01

Low v° 0.34 0.22

High v°© 0.39 0.39

Density (squirrels/ha) at 2.80 1.90

carrying capacity (K)®

a Results from Monte Carlo simulations of birth-death model.
b Smith and Nichols (2003).
¢ Fryxell et al. (1998).

habitats because the demographic data from Ontario were
not habitat specific. Predictions of Ty were calculated for
the two estimates of variance for each scenario of OGR com-
position. Effects of autocorrelation on r and v were not con-
sidered, but these effects are expected to be negligible
compared to environmental stochasticity (Foley, 1994).

We estimated the population density of flying squirrels
occupying each habitat within our hypothetical OGRs using
mark-recapture estimates in spring within upland-OG and
peatland-MC habitats (Smith and Nichols, 2003). In our anal-
yses of time to extinction, we assumed N was equal to K,
the population ceiling. Therefore, we used the highest popu-
lation density reported by Smith and Nichols (2003) for each
habitat type as our estimate of population density at K. For
each scenario of OGR composition, we multiplied these esti-
mates of maximum population density by the corresponding
hectares of each habitat to calculate K within each habitat.
Estimates of Ty were converted to probabilities of persistence
(Py) for a particular time horizon by assuming extinction was a
rare event and followed a Poisson distribution (Boyce et al.,
2001):

P — el ), (3)

where t is the time horizon.

Lastly, to calculate the minimum area of habitat required
(i.e., minimum size of an OGR) to sustain isolated flying squir-
rel populations, we used our extinction model to estimate the
population of northern flying squirrels required to achieve
85%, 90% and 95% probabilities of persistence for 25, 50, and
100 years (see Appendix A for an example). We calculated pro-
jections for both estimates of variance in r. To estimate the
minimum area required to sustain a population of flying
squirrels, we divided population projections by the density
of northern flying squirrels.

3. Results

Breeding density (number of resident adults during spring) of
flying squirrels averaged across three replicate trapping grids
in upland-OG varied annually from 1.6 (SE=0.2) to 2.0
(SE=0.4) squirrels/ha during 1998-2000. Breeding density
averaged across all grids in peatland-MC ranged from 1.00
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(SE=0.5) to 1.30 (SE = 1.0) squirrels/ha during 1998-2000. The
highest spring density recorded for all individual grids in up-
land-OG was 2.8 squirrels/ha and 1.9 squirrels/ha in peatland-
MC.

Average population growth rate in upland-OG based on
4000 simulations of our birth-death model of population
dynamics was 0.14 (SD = 0.42); 38.7% of the simulations re-
sulted in r < 0 (Fig. 1). Our empirical estimate of v from spring
live trapping data was 0.34. In peatland-MC, average popula-
tion growth rate was 0.01 (SD = 0.39) with 51.0% of the simu-
lated values <O (Fig. 2). The difference in r between habitats
was significant (t=12.5, n=4000, P <0.001). In peatland-MC,
v estimated from spring live trapping data was 0.22. Variance
of r obtained from a long-term data set for flying squirrel pop-
ulations in Ontario, Canada (Fryxell et al., 1998) was 0.39.

Maximum population sizes (K) in upland-OG under the
minimum, preferred, and 100% upland-OG prescriptions were
454, 910, and 1820 flying squirrels, respectively (Table 3). The
minimum value predicted for Ty was 237 years (v = 0.39, min-
imum prescription) and the maximum was 507 years (v = 0.34,
100% upland-OG, Table 3). Maximum population sizes (K) in
peatland-MC under the minimum, preferred, and 100% up-
land-OG prescriptions were 927, 618, and 0 flying squirrels,
respectively (Table 4). The minimum predicted Ty value was
118 years (v = 0.39, preferred prescription) and the maximum
value was 156 years (v=0.34, minimum prescription); if a
small OGR was 100% peatland-MC, Ty was 173 years for
v =0.34 and 149 years for v = 0.39 (Table 4).

In the upland-OG forest component of OGRs, probabilities
of persistence for 25 years ranged from 90% (v=0.39, 25%
upland-OG) to 95% (v=0.34, 100% upland-OG, Table 3). For
50-year and 100-year time horizons those values ranged 81-
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Fig. 1 - Frequency histogram illustrating results from Monte
Carlo simulations (n = 4000) of birth-death model predicting
intrinsic rate of population growth (r) for northern flying
squirrels in upland old-growth forest habitat on Prince of
Wales Island, Alaska, USA, 1999-2001.
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Fig. 2 - Frequency histogram illustrating results from Monte
Carlo simulations (n = 4000) of birth-death model predicting
intrinsic rate of population growth (r) for northern flying
squirrels in peatland mixed-conifer habitat on Prince of
Wales Island, Alaska, USA, 1999-2001.

Table 3 - Predicted times to extinction (Ty), and
probabilities of persistence over 25 (Py(2s)), 50 (Pyso), and
100 years (Py100)) for northern flying squirrels within the

upland-OG forest component of small old-growth forest
reserves on Prince of Wales Island, Southeast Alaska,
USA

25% 50% 100%
K =454 K=910 K=1820
v v v

0.34 0.39 0.34 0.39 0.34 0.39

Ty 295 237 392 313 507 404
Prios) 0.92 0.90 0.94 0.92 0.95 0.94
Pi(so) 0.84 0.81 0.88 0.85 0.91 0.88
Pr100) 0.71 0.66 0.77 0.73 0.82 0.78

Predictions are based on an extinction model incorporating
density-dependent population growth (Foley, 1994). Results are
shown for three levels of K for squirrels occupying 650 ha reserves
containing 25% (minimum), 50% (preferred), and 100% upland-OG
forest habitat, and for two levels of variance (v) of per capita rate of
growth (r=0.14).

91% and 66-82%, respectively (Table 3). For flying squirrel pop-
ulations in peatland-MC, probabilities of persistence for 25
years ranged from 81% (v=0.39, 50% peatland-MC) to 87%
(v=0.22, 100% peatland-MC, Table 4). For 50-year and 100-
year time horizons those values ranged 65-75% and 43-56%,
respectively (Table 4).

We estimated only minimum areas for OGRs comprised of
100% upland-OG because the density of reproductive females
in peatland-MC was substantially lower than in upland-OG,
and because r for flying squirrel populations in peatland-MC
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Table 4 - Predicted times to extinction (Ty), and proba-
bilities of persistence over 25 (Pyzs), 50 (Py(sg), and 100
years (Py100) for northern flying squirrels within the

peatland-MC habitat component of small old-growth
forest reserves on Prince of Wales Island, Southeast
Alaska, USA

50% 75% 100%
K=618 K=927 K=1,235
v U v

0.22 0.39 0.22 0.39 0.22 0.39

Ty 137 118 156 134 173 149
Pyzs) 0.83 0.81 0.85 0.83 0.87 0.85
Pi(so) 0.69 0.65 0.73 0.69 0.75 0.71
Pr100) 0.48 0.43 0.53 0.47 0.56 0.51

Predictions are based on an extinction model incorporating den-
sity-dependent population growth (Foley, 1994). Results are shown
for three levels K for squirrels occupying 650 ha reserves contain-
ing 50% (preferred), 75% (minimum), and 100% peatland-MC hab-
itat, and for two levels of variance (v) of per capita rate of growth
(r=0.01).

Table 5 - For two estimates of intrinsic variability in
population growth (v), the minimum population ceiling
(K) and minimum area (ha) of an old-growth reserve of

contiguous upland-OG forest to support northern flying
squirrels (Glaucomys sabrinus) with probabilities of
persistence (P;) of 0.85, 0.90, and 0.95, for periods of 25,
50, and 100 years

\% 0.85 0.90 0.95

K Area K Area K Area
25 years P;
0.34 116 41 277 99 1619 578
0.39 175 63 457 163 3156 1127
50 years P;
0.34 502 179 1516 542 14,214 5077
0.39 874 312 2927 1045 33,928 12,117
100 years P;
0.34 3181 1136 12,939 4621 221,018 78,935
0.39 6592 2354 30,607 10,931 684,880 244,600

during a period of increasing density was near zero. Over
longer periods, populations in peatland-MC undoubtedly
experience years with lower per capita growth rates, many
of which would be negative. Indeed, r was negative in peat-
land-MC for the majority of our birth-death model simula-
tions (Fig. 2). Consequently, areas composed solely of
upland-OG habitat likely represent more realistic (albeit
somewhat generous) estimates of minimum area for OGRs.
The minimum area of an isolated OGR to achieve a specified
P, for 25, 50, and 100 years ranged widely (Table 5). For popu-
lations with lower variance of r, a 41-ha patch of upland-OG
forest had an 85% probability of sustaining northern flying
squirrels for 25 years. Populations with higher variance re-
quired 63 ha of upland-OG forest to achieve the same level
of certainty. For P, = 95% corresponding values were 578 and

1127 ha. For a time horizon of 100 years, 1136-2354 ha would
be necessary to achieve an 85% probability of persistence, and
78,935-244,600 ha to achieve a 95% probability of persistence
depending on v.

Nevertheless, for a planning horizon of 100 years, our sim-
ulations suggest that 650-ha OGRs are too small to assure a
high probability of sustaining flying squirrel populations in
the absence of immigration, regardless of habitat composi-
tion. For P, = 0.95, small OGRs composed of 100% upland-OG
would sustain a flying squirrel population for only 25 years.
At P, =0.90, 650-ha OGRs composed of 100% upland-OG would
sustain flying squirrels populations for 50 years only if v was
low; however, the minimum OGR prescription likely would
sustain squirrel populations for 25 years. For P, = 0.85, the pre-
ferred OGR prescription would sustain squirrels for 50 years.

4, Discussion

4.1.  Population dynamics and probability of persistence

We estimated Ty and P; for each habitat type in isolation.
Undoubtedly, flying squirrels within OGRs that contain a
mix of upland-OG and peatland-MC components interact in
ways that likely extend time to extinction of the total popula-
tion beyond that predicted for each habitat independently.
Modeling these interactions is beyond the scope of this paper.
Nonetheless, the predicted intrinsic rate of growth was near
zero for flying squirrels in peatland-MC habitat despite the
fact that the demographic data used to estimate r were ob-
tained during a period of rapid population increase. Conse-
quently, peatland-MC habitat likely contributes little to the
long-term persistence of northern flying squirrel populations
in small OGRs. Rather, the demographics of northern flying
squirrels occupying upland-OG have the principal influence
on Ty and P.. For this reason, predictions based solely on
northern flying squirrels occupying the upland-OG compo-
nent of an OGR represent lower limits of P,. Likewise, our pro-
jections of Ty and P, for small OGRs composed entirely of
upland-OG forest define the upper limits of P, regardless of
prescription. Values of P; from dynamic interactions of flying
squirrels occupying OGRs with varying configurations of up-
land-OG and peatland-MC will lie between these limits.
Rates of growth estimated from simulations of our birth-
death model were conservative when compared with rates
measured directly from mark-recapture studies. For example,
r estimated from changes in density of northern flying squir-
rels on Prince of Wales Island was 0.26 in peatland-MC and
0.22 in upland-OG habitats (Smith and Nichols, 2003). Lehm-
kuhl et al. (2006) reported rates of growth as high as 0.36 for
flying squirrels in eastern Washington, USA. However, esti-
mates of r from mark-recapture studies are based on changes
in abundance across sampling grids that are not isolated pop-
ulations and thus include contributions to population growth
from immigration. Our simulations computed average intrin-
sic rates of growth only from rates of birth and death. Thus,
these values represent potential growth rates of flying squir-
rel populations in isolation without influences of immigration
or emigration and were more appropriate with respect to our
objectives of evaluating the adequacy of individual small
OGRs. Also, we acknowledge that maximum density likely
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underestimates K because rarely do populations reach carry-
ing capacity. However, G. sabrinus experiences little or no
competition as it is the only small mammal on POW that is
a forest habitat specialist (Smith et al., 2004). Furthermore,
it apparently experiences relatively little predation pressure
because of few large avian predators (Smith et al., 2001; Smith
and Nichols, 2003), which likely is a consequence of a depau-
perate vertebrate fauna (Smith, 2005). Therefore, we believe G.
sabrinus populations on POW are limited mostly by autecolog-
ical factors (Smith and Nichols, 2003; Smith et al., 2004; Smith
et al., 2005). Nonetheless, replacing our estimate of K with
higher values should have relatively little effect on our projec-
tions because of the expected dampened influence of density-
dependent population growth (Lehmkuhl et al., 2006).

Inferring habitat quality from population density can be
misleading (Van Horne, 1983). Smith and Nichols (2003) ob-
served relatively high densities of flying squirrels in peat-
land-MC habitat on Prince of Wales Island and concluded
that habitat may sustain breeding populations of northern
flying squirrels. In contrast, our birth-death model of popu-
lation dynamics demonstrated that intrinsic population
growth was effectively zero for flying squirrels in peatland-
MC habitat. Smith and Nichols (2003) reported that the den-
sity of reproductive females in peatland-MC (2.1/grid) aver-
aged about half that observed in upland-OG (3.9/grid).
Smaller proportions of females in peatland-MC habitat may
limit potential population growth. Indeed, flying squirrels
occupying peatland-MC might in some years represent pop-
ulation sinks (Pulliam, 1988; Pulliam and Danielson, 1991)
that are sustained by immigration; and the rapid increase
of flying squirrels in peatland-MC habitat observed by Smith
and Nichols (2003) probably resulted from frequent immigra-
tion from neighboring source habitat. This conclusion is fur-
ther supported by a consistent pattern of more juvenile
males captured in peatland-MC than upland-OG (Smith
and Nichols, 2003) and invariably higher densities on the
peatland-MC grid that was closest to upland-OG forest. Also,
Smith et al. (2004) suggested that the density of reproductive
females in peatland-MC might be limited by the abundance
and distribution of large trees, which provide cavities for
maternal dens (Carey et al.,, 1997). Flying squirrel densities
in Southeast Alaska were strongly correlated (r=0.81) with
the density of large (>74 cm) trees, and capture sites in peat-
land-MC averaged twice the density of large trees than sites
without captures. Furthermore, the mean density of large
trees in peatland-MC (1.35, SE = 0.33) was an order of magni-
tude lower than that recorded in upland-OG (24.63, SE = 1.68;
W.P. Smith, unpublished data) where densities of females
were significantly higher.

The empirical data used in our analyses came from a 3-
year study of northern flying squirrels that included three
replicates of two habitats on a single, large (5800 km?) island
(Smith and Nichols, 2003). Ordinarily, such limited data
would not capture intrinsic variation in growth rates of fly-
ing squirrels on a single island, much less across Southeast
Alaska (Doak et al., 2005), where faunal assemblages and
habitat vary among islands (Conroy et al., 1999; Smith and
Nichols, 2003; Smith et al., 2005). However, the data were re-
corded during a period when flying squirrels were undergo-
ing a surge in population growth and our empirical

estimates of v were similar to that obtained from a 43-year
study of flying squirrel population dynamics (Fryxell et al.,
1998). Still, there was a chance that we underestimated
demographic stochasticity for populations across Southeast
Alaska, which would result in overestimates of P,. Moreover,
Tn Was most sensitive to changes in v than population size.
For example, our high estimate of v for upland-OG was
about 15% larger than the low estimate, yet Ty for the lower
estimate was 25% longer. By comparison, a 2-fold increase in
K only increased Ty by 29%. Long-term studies are needed to
capture variation in population growth (Beissinger and West-
phal, 1998; Kendall and Fox, 2002) and to understand how
northern flying squirrel populations respond to annual vari-
ation in weather, resource availability, and other ecological
factors that influence population dynamics (Doak et al.,
2005) and fitness (Reed, 2004). For Southeast Alaska, these
should include studies of northern flying squirrel demogra-
phy among other islands where vertebrate communities
(especially potential competitors and predators) and perhaps
habitat vary. Therefore, our findings should be generalized
with caution.

We did not consider environmental or genetic stochastic-
ity (Foley, 1994; Reed, 2004) or deleterious effects of inbreeding
(Frankham, 2005; O’Grady et al., 2006). We assumed that over
the time horizon the habitat available to flying squirrels re-
mained unchanged, and there was no reduced fitness from
inbreeding depression or genetic drift. However, Southeast
Alaska periodically experiences severe catastrophic distur-
bances from windstorms, avalanches, and landslides that
dramatically alter hundreds of hectares of forest during a sin-
gle event (Mitchell, 1995; Nowacki and Kramer, 1998; Kramer
et al., 2001). Furthermore, clearcut logging increases the
chance of blowdown from windstorms in remaining old-
growth forest and reduces the likelihood that patches in man-
aged landscapes remain intact (Concannon, 1995; Mitchell,
1995). In addition, northern flying squirrel populations on
Prince of Wales Island show severely reduced genetic varia-
tion, a likely consequence of descent from a single founder
population (Demboski et al., 1998) that was isolated from
mainland or near-shore island populations (Bidlack and Cook,
2001). The sensitivity of our predictions of Ty and P; to
changes in v emphasized the potential for additive genetic
and environmental variance to increase the predicted proba-
bilities of extinction within habitat patches or reserves.

We used mean litter sizes from populations in the Puget
Trough for our birth-death modeling because data from
Southeast Alaska were not available. Nonetheless, ratios of
juveniles to adults during autumn in Southeast Alaska (Smith
and Nichols, 2003) were about half that reported for the Puget
Trough (Villa et al., 1999). It is uncertain if that difference was
due to lower natality rates or higher juvenile mortality rates
during summer in Southeast Alaska. Thus, we may have over-
estimated recruitment for flying squirrels in Southeast Alas-
ka, and therefore, our results for time to extinction and
probability of persistence may be optimistic. This is particu-
larly important when considering the viability of flying squir-
rel populations in peatland-MC habitats. A slight decline in
birth rate (or increase in mortality rate) is sufficient to reduce
the intrinsic rate of population growth below sustainable lev-
els in peatland-MC.
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4.2.  Implications for conservation planning

This study occurred within an island archipelago, where some
factors influencing vertebrate distributions and community
composition differ from most communities of continental
land areas (MacArthur and Wilson, 1967). Specifically, coloni-
zation rates can be a major determinant of the distribution of
individual species and the species richness of vertebrate
assemblages among islands. In Southeast Alaska, differential
colonization rates might have contributed to the highly
nested structure in the mammal fauna (Conroy et al., 1999).
Still, the diversity of vertebrate communities on islands is
influenced significantly by extinctions rates that vary among
species and vertebrate assemblages according to autecologi-
cal factors and interspecific interactions such as competition
and predation (Conroy et al.,, 1999; MacArthur and Wilson,
1967). This is especially true of populations occupying remote,
large islands (MacArthur and Wilson, 1967). Extinction rate
plays a greater role in determining species richness of verte-
brate communities as island size and distance from source
populations increases (MacArthur and Wilson, 1967). Also,
extinctions are more likely among archipelagos (Burkey,
1995; Frankham, 1998) because total habitat and population
sizes are smaller than continental land areas, with endemic
taxa having higher extinction rates than nonendemic species
because of greater inbreeding depression (Frankham, 1998).
Because Prince of Wales Island is large (~5800 km?), factors
influencing the persistence of G. sabrinus populations occupy-
ing habitat reserves in a managed matrix are not unlike the
ecological factors that determine the population dynamics
of mainland populations under similar circumstances (e.g.,
Odom et al., 2001). For this reason, we believe the implications
of our study, as well as its analytical approach, are relevant for
conservation planning across managed landscapes of conti-
nental North America.

Land management plans such as TLMP, rely on systems of
habitat reserves that presumably are sufficient in size and
quality or adequately distributed and connected to assure via-
bility of wildlife populations. Habitat reserves must either
sustain individual insular populations or the matrix of man-
aged lands between reserves must allow dispersal among
reserves to maintain wildlife populations within a metapopu-
lation structure. Testing the adequacy of a system of reserves
for conservation of wildlife is a daunting task and requires
long-term population monitoring and studies of animal
movements. Nonetheless, we demonstrated that short-term
evaluations of assumptions or expectations within a plan
are possible using simple simulation modeling techniques.

Clearly, our study does not represent an evaluation of
the overall conservation strategy employed in TLMP (or sim-
ilar plans) with respect to northern flying squirrels, but we
conclude that small OGRs do not have a high (>0.90) prob-
ability of supporting flying squirrel populations in isolation
for long periods. Indeed, in the best case (100% upland-OG
habitat) P, ranged 78-82%, and under the preferred OGR pre-
scription (50% upland-OG) specified in TLMP, P, ranged 73—
80%. We consistently predicted probabilities of persistence
>90% only for a time horizon of 25 years regardless of hab-
itat prescription. For a 50-year time horizon, only small
OGRs composed of 100% upland-OG forest had >90% proba-

bility of sustaining flying squirrel populations. Conse-
quently, isolated individual small OGRs might not sustain
squirrel populations for >25 years. To expect >90% proba-
bility of persistence in isolation for 50 and 100 years, the
upland-OG component of an OGR would have to be about
1000 ha and 11,000 ha, respectively.

Those results and conclusion are based on a number of
assumptions regarding the demographic data and analytical
approach. We chose published models that were appropriate
for our data and used in similar applications (Foley, 1994;
Boyce et al., 2001). Furthermore, most of our assumptions
contributed to more optimistic scenarios of persistence and
minimum area. For those reasons, our findings underscore
the importance of the capability of northern flying squirrels
to disperse through the matrix of managed lands between
small OGRs. Unfortunately, we know little about the ability
of flying squirrels to move through a matrix of clearcuts
and second-growth forest in Southeast Alaska. We are inves-
tigating several facets of flying squirrel dispersal in managed
landscapes, including behavioral trials, translocations, and
radio-telemetry of juveniles and adult males. Those data will
be used to parameterize a GIS-based model of landscape
connectivity to determine the extent to which OGRs are iso-
lated. However, dispersal alone does not ensure a viable
metapopulation. The Siberian flying squirrel (Pteromys volans)
was extirpated from an entire region because industrial-
scale logging fragmented continuous populations into iso-
lated patches (Hokkanen et al., 1982). That occurred despite
the ability of young flying squirrels to disperse long dis-
tances through a managed matrix that included residual
trees and corridors connecting habitat patches (Selonen
and Hanski, 2003).

Our simulations suggest that there is a high probability
that large isolated OGRs containing >11,000 ha of upland-OG
forest likely will support flying squirrels over the 100-year
planning horizon of TLMP. Furthermore, the upland-OG com-
ponent of a large OGR may not need to be contiguous because
interspersed peatland-MC habitats clearly can support flying
squirrels for a short time and likely facilitate dispersal be-
tween patches of upland-OG. However, the contribution of
small OGRs to the TLMP conservation strategy for northern
flying squirrels will depend on the degree of their isolation
and functional connectivity with other large or small re-
serves. For this reason, conservation planning that explicitly
considers the quality and spatial configuration of suitable
habitat across highly modified landscapes (Fuller et al.,
2006; Odom et al., 2001) will have a greater likelihood of sus-
taining viable metapopulations of flying squirrels (Hanski
et al.,, 2000; Selonen and Hanski, 2003, 2004).
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Appendix A

Example calculation to estimate minimum area of old-growth
reserve to achieve an 85% probability of persistence over 25
years for a population of northern flying squirrels with
r=0.14 and v=0.34.

Using the Poisson formula [P, = e(~/V)] for calculating the
probability of a rare event, solve for flying squirrel population
ceiling K that corresponds with time to extinction (Ty) for a
specified probability of persistence (Py). Divide K by density
at carrying capacity to obtain minimum area.

For P, = 0.85 and t = 25 years, (Ty) = 153.8 years yielding the
equation

2x0.14 xx

X2
1538 =— [1 + 35034 }, where x = In(K).

0.34
This equation reduces algebraically to: 0.2745(x%)+x° —
52.3=0.

Solving the cubic equation yields x=4.76, K=e*=116
squirrels; 116 squirrels/2.8 squirrels/ha (K) =41 ha, the mini-
mum area of primary habitat to achieve a probability of per-
sistence of 85% for 25 years.
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