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We examined how the structure of a boreal forest landscape is related to the occurrence of the Siberian flying
squirrel Pteromys volans in northern Finland. The flying squirrel inhabits mature spruce-dominated (Picea abies)
mixed forests and is categorised as vulnerable species due to habitat loss and change. We classified a landscape of
374.5 km” into potential habitat patches, potential dispersal areas, and areas incapable of being inhabited using
national forest inventory data, and surveyed all 136 potential habitat patches for the presence of the species.
Different landscape variables were defined, and also connections by the shortest distances to neighbouring
habitat patches along both straight lines and least-cost distances based on specific movement costs were
measured. Occupied patches were larger in size, contained more deciduous trees for food and nesting cavities,
and were in closer proximity to the nearest occupied patches. Occupied patches were mainly located below 300
m a.s.l. The occurrence of flying squirrels was correctly predicted for 88% of the habitat patches using landscape
variables. This modelling result proved to be rather general. In addition, the configuration of occupied patches
was mainly clustered across the landscape, and distant occupied patches seemed to be linked to other patches via
forested connections. We suggest that maintaining a clustered arrangement of good quality habitat patches and
regenerating new potential habitat as well as dispersal areas between the habitat patches seem to be appropriate
goals for long-term forest management planning to sustain populations of the flying squirrel in the landscape.

Conservation biology calls for the long-term mainte-
nance of necessary patterns and processes in ecological
systems (Soulé 1985). The emphasis is on the avail-
ability of habitats for a species, survival and reproduc-
tion in a landscape. All landscapes are heterogeneous
habitat mosaics in space and time (Wiens 1995).
Landscape characteristics may be broadly defined by
the amount of each landscape element (composition)
such as patches of suitable habitat, the spatial location
of the elements (configuration), and also by the
functional relationships between the different elements
in a landscape, such as connectivity, that reflect how
individuals move between habitat patches (Merriam
1984, Taylor et al. 1993). Different species perceive the
landscape differently reflecting their ability to reach
suitable habitat patches (Lidicker 1999). Habitat avail-
ability is a matter of great importance since a change of
landscape characteristics through habitat loss, degrada-

tion, and fragmentation is the main global threat to
species persistence (Saunders et al. 1991, Fahrig 1997,
2002, Bender et al. 1998, Harrison and Bruna 1999).

In recent decades the number of mature forests in
Fennoscandia has decreased, and forest structure has
changed (Esseen et al. 1997, Ostlund et al. 1997). The
area of monoculture forests has increased, and variation
in tree species, size, and age composition within forests
has narrowed (Esseen et al. 1997). As a result, in
Finland many forest-associated species have faced
considerable changes in habitat availability, followed
by population decline (Rassi et al. 2001). The ability of
species to reach other habitats also depends on both the
structural characteristics of a landscape and species
behaviour, which together define habitat connectivity in
a landscape (Merriam 1984, Tischendorf and Fahrig
2000). The quality of the matrix, the area surrounding
the habitat patches, may thus affect the actual isolation
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of habitat patches (Taylor et al. 1993, Aberg et al.
1995).

Therefore, the pattern of habitat occupancy for a
species may provide evidence of habitat connectivity
(Merriam 1995).

We focus on the habitat responses of the Siberian
flying squirrel Pteromys volans, an arboreal rodent in
Eurasian taiga forests. Flying squirrels prefer sheltered,
spruce-dominated (Picea abies) mixed forests with a
distinctive deciduous tree component for food, and
large aspens (Populus tremula) for nesting cavity trees
(Hanski 1998, Reunanen et al. 2002a). In northern
Finland, flying squirrels prefer habitats that are situated
within larger forest tracts or linked with forested
connections to other habitat patches (Monkkénen
et al. 1997, Reunanen et al. 2000, 2002b). The flying
squirrel is categorised as a vulnerable species in Finland
according to IUCN criteria (Rassi et al. 2001) due to
the recent population decline, most likely caused by
habitat loss and degradation. Therefore, the breeding
sites of the flying squirrel are protected (Rassi et al.
2001, Anon. 2003). However, present knowledge at the
scale of forest patches is insufficient to make practical
conclusions concerning how to manage forests to
maintain flying squirrel populations in these landscapes.

The objective of this study was to examine which
landscape characteristics explain and predict the occur-
rence of the Siberian flying squirrel on a local scale in a
boreal forest landscape in northern Finland. We used
classified satellite images to categorise our study area
into 3 habitat classes for the flying squirrel: potential
habitat, potential dispersal areas, and areas incapable of
being inhabited. In addition, we surveyed all patches of
potential habitat for species occurrence, and buile
and evaluated a predictive model using landscape
variables to estimate the probability of the occurrence
of the flying squirrel in habitat patches. Finally, we
discuss the utility of our landscape categorisation and
occupancy models for landscape planning and species
conservation.

Materials and methods
Study area

Our study area, 374.5 km?® in size, is situated in
northern Finland (65°30’N, 28°15E) and lies within
the northern boreal vegetation zone (Ahti et al. 1968).
The toporgraphy of the land within the study area
ranges from 180 to 380 m as.l. forming a diverse
landscape of forested hills. In addition, open fens, pine
bogs, and a few small lakes characterize the study area.
Coniferous forests cover ca 70% of the study area, and
are dominated by Scotch pine Pinus sylvestris and spruce
mixed with deciduous trees such as birch Besula spp.,

278

aspen, and alder Alnus incana. Almost two-thirds of the
forest land is pine dominated and <60 yr of age. One
quarter of the forests are >100 yr old and are mostly
spruce dominated. Forests of 60—100 yr old cover only
a few percentages of the study area.

Land use and forest data

We used multi-source national forest inventory (MS-
NFI) data (Tomppo 1993) for habitat type classifica-
tion. In compiling MS-NFI data, field study plot
information is integrated with digital maps of peat
lands and non-forest land like roads, agricultural fields,
and inhabited areas to derive estimates of forest
parameters from Landsat TM 5 satellite image
(Tomppo 1993). The method produces estimates of
forest structure variables, such as tree species and their
volumes per hectare, for 25 X 25 m pixels. Estimates are
produced separately for Scots pine, spruce, and birch
(B. pendula and B. pubescens not separated) but
estimates of other deciduous trees are presented as a
combined estimate. The resolution of the image is too
coarse to present information about individual decid-
uous trees or small tree groups (Reunanen et al. 2002a).
Since the original satellite images for our study area
were recorded in 1993, they were updated with data
from regeneration areas after 1993 (from Metsihallitus,
an organisation governing state-owned lands and
waters). Misclassifications observed in the forests during
field-work were also corrected. Other than harvesting,
no major changes affecting habitat classification existed.
Algorithms tailored for this study and based on spatial
analysis tools in ArcInfo 8 (McCoy and Johnston 2001)
were used to calculate landscape metrics.

Habitat classification and field work

We classified the landscape as potential habitat,
potential dispersal areas, and areas incapable of being
inhabited (Fig. 1). Males use home ranges averaging
60 ha in size, whereas females inhabit home ranges
averaging 8 ha (Hanski et al. 2000). Flying squirrels
move moderately well in forested landscapes by gliding
from tree to tree (Selonen and Hanski 2004), and their
home ranges consist of separate core areas, which are
rich in deciduous trees and where the individuals spend
a majority of their time (Hanski 1998). Females
especially prefer spruce-dominated forests with a decid-
uous tree component for breeding (Hanski 1998,
Hanski et al. 2000). Therefore, for potential habitat
we targeted core pixels, which indicated mature spruce-
dominated forest with deciduous trees in the mixture
characterizing the preferred habitat for females. Criteria
for selecting these core pixels were 1) the volume of
spruce was >80% of the total timber volume, or



Fig. 1. Landscape composition of the study area; black
corresponds to patches of potential habitat, grey to potential
dispersal areas, and white to areas incapable to being

inhabited.

volumes of spruce and deciduous trees together com-
prised >80% of the total timber volume, and 2) the
total timber volume was set to 100 m> ha~'. These
criteria are the same as those used in earlier studies on
the flying squirrel in this region (Reunanen et al.
2002b, 2004).

We formed patches of potential habitat, hereafter
referred to as habitat patches, by adding a 50-m buffer
to the core pixels. Thus, the core pixels were united as a
habitat patch if they were situated within 100 m of each
other (i.e. their buffers overlapped or adjoined). This
procedure was likely to reflect habitat patches based on
the ecology of the species. We did not specify the
properties of the buffer pixels (even open gaps up to
100 m wide could be included within a habitat patch)
since flying squirrels easily cross forest gaps of 20—70 m
in one glide (Selonen and Hanski 2004). Typically,
open areas inside a habitat patch were very small.

However, habitat patches <3.5 ha (area of core
pixels <1 ha) were still excluded from analysis because
separate forests smaller than this size are too small to
support a breeding female (Hanski et al. 2000, Selonen
et al. 2001).

The purpose of potential dispersal area in the
landscape was to define forest approximately >10 m
high. Flying squirrels seem to prefer closed canopy
forests for moving (Selonen and Hanski 2003, 2004),
and forests of >10 m seem to permit easy movement
(Reunanen et al. 2000). For the dispersal pixels, the
criterion of total timber volume was set to be >75 m’
ha™! irrespective of tree species, which in our study
area represents > 10 m high (Gustavsen 1980), middle-
aged mature forests (Tomppo et al. 1998). Dispersal
pixels were buffered by 25 m, and were united as
potential dispersal area if buffers overlapped or ad-
joined. Thus, the maximum distance between two
dispersal pixels within the potential dispersal area was
50 m, a distance easily crossed by gliding. All other
landscape elements such as a few lakes, open bogs,
fields, clear cut areas, sapling stands, and young forests
were classified as areas incapable of being inhabited.

During the times of our landscape classification and
field surveys (year 2000), a majority of the non-forest
area on mineral soils in our landscape classification were
sapling stands either 20—25 yr old (ca 5-8 m high at
these latitudes) or 5—10 yr old (ca 2—5 m). Our
potential dispersal area, middle-aged and mature
forests, thus reflects forests well suited for dispersal,
especially for longer distances at the landscape scale.
However, younger forests can also be used for moving
and short distances of relatively open areas can
be crossed (Selonen and Hanski 2003). Therefore,
possible use of parts of the areas incapable of
being inhabited by flying squirrels cannot be totally
excluded. However, a rather robust landscape classifica-
tion was relevant in our approach at a larger landscape
scale.

The classification and buffering procedure resulted
in 136 habitat patches in the study area. We surveyed
all habitat patches to determine the presence or absence
of flying squirrels. Presence was based on the finding of
the faeces of the species, the distinctive yellowish pellets
the size of rice grains, which typically accumulate
around the bases of large spruce and aspens indicating
the most frequently used and occupied areas within the
forest (Reunanen et al. 2002b). The pellets accumulate
during late winter and spring, and remain as late as the
early summer when they can still be found relatively
easily (before decomposing). As such, the pellets
indicate the use of a forest at least during the last few
months. Every patch was visited once in June 2000.
After the pellets were found, a habitat patch was
assigned as occupied. To confirm the absence of the
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species the whole habitat patch was surveyed thoroughly
without a time limit.

Landscape metrics

We measured 15 variables to describe different char-
acteristics of the landscape: the habitat patches, land-
scape matrix, and connections between neighbouring
habitat patches. The variables were kept as simple as
possible. The attributes primarily relating to habitat
patches were the total area of a habitat patch (Patch
area; ha), the total area of core pixels (Core-area; ha),
and the proportion of core pixels in a habitat patch
(Core-prop). Habitat variation within a boreal forest
often indicates the presence of deciduous trees that are
important resources for the flying squirrel, so we also
calculated the number of separate groups of core pixels
within a habitat patch (Core-group). The elevation of
the habitat patch was measured using the minimum
altitude of a habitat patch. (Aslmin; m a.s.l.) and by
defining the size of the habitat patch area that was
situated <300 m asd. (Lowarea; ha). We also
measured the tree volume (m® ha ™) of spruce (Spruce)
and deciduous trees (Deciduous) within a habitat patch.
We described the surrounding matrix of a habitat
patch by calculating the proportions of the three habitat
classes around it within a distance of 500 m measured
from the borders of a habitat patch. The proportion of
potential habitat (PH500; patches), potential dispersal
area (DA500), and areas incapable of being inhabited
(IA500) within a 500 m radius around a habitat patch
equaled 100%. The 500 m distance was chosen for
three reasons: 1) it reflects the surrounding area that
most juveniles cross when dispersing from their natal
forest (Selonen and Hanski 2004), 2) it roughly covers
the nightly moving distances of adult flying squirrels
within their home ranges (Hanski et al. 2000), and 3)
in practise it results in largely non-overlapping patch
surroundings in the study landscape and therefore
avoids statistical interdependency of habitat patches.
The spatial context of a habitat patch relative to the
distances to the nearest neighbouring habitat patches
were estimated in two ways. The proximity of an
occupied site may increase the probability of the
occupancy of the neighbouring site due to, for example,
dispersal. So we also measured the distances to the
nearest occupied patches. We measured a straight edge-
to-edge-distance to the nearest neighbour patch without
information on its occupancy status (SDnnp; m), and
separately to the nearest occupied patch (SDnop; m). In
forestry planning the occupancy status of the neigh-
bouring forests is rarely known, so both of these
distances were measured to estimate if the knowledge
of the neighbour’s occupancy provides relevant addi-
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tional information for explaining the occupancy of a
focal habitat patch.

Straight edge-to-edge distance is often used for
simplicity. However, this is not necessarily the most
obvious route for mammals, which may choose their
route according to its safety: flying squirrels have been
found to choose forested routes if possible (Selonen and
Hanski 2004). We calculated least-cost distances bet-
ween habitat patches based on cost-per-unit distance
and accumulative costs (for the method, see e.g. McCoy
and Johnston 2001, Ray et al. 2002). At first, the
calculation began with defining a cost surface where
each pixel in the study area was assigned a cost for
traversing one meter within that landscape element
(Nikula et al. 2001). The maximum cost in each
landscape element was calculated by dividing maximum
theoretical dispersal distance in metres by cell size, and
multiplying the result by cell size X cost per unit (for a
diagonal to cell distance /2 x cell size X cost per unit).
The maximum dispersal distances were: potential
habitat =no maximum; potential dispersal area =
5000 m; other forests and saplings (25-75 m’
ha™!) =500 m; fields and other open area =200 m;
and water =50 m. Flying squirrels avoid totally open
areas such as water and fields (Hanski et al. 2000,
Selonen and 2003, 2004), where the moving distances
are limited by gliding abilities. A majority of young
flying squirrels disperse ca 3 km during their first
autumn (Selonen and Hanski 2004), which justifies the
maximum distance of 5 km via our potential dispersal
areas.

Second, the algorithm calculates a least-accumulative
cost distance along the cost surface to the habitat
patches of every pixel outside the habitat patches. Pixels
outside the maximum cost (maximum dispersal dis-
tance) are regarded as non-reachable in future calcula-
tions. Third, the least-accumulative cost is calculated
individually for each habitat patch of every pixel within
the study area. The “optimal” least-cost distance is thus
a combination of the use of different landscape
elements, but most likely follows the forested routes.
Finally, the algorithm finds the least-cost path between
habitat patches and calculates the geographic distances
along least-cost paths in two ways: a distance to the
nearest neighbour patch irrespective of its occupancy
status (CDnnp) and to the nearest occupied patch
(CDnop).

Statistical analyses

We compared characteristics of occupied and unoccu-
pied habitat patches using raw data. Because of
multicollinearity between the variables (Mac Nally
2000), we used principal component analysis (PCA)

with varimax rotation to compress the information of



original variables into new uncorrelated variables
(eigenvalue >1) for further analyses. Logistic regres-
sion was used for modelling presence-absence data
(Hosmer and Lemeshow 2000). We ran the logistic
regression analysis backwards by including all principal
components and their 2-way interactions in the model
first. At each step an non-significant interaction term
or a main effect was removed, so that in the end all
variables left in the model were significant. However,
an non-significant main effect was retained if it was
within a significant interaction term in the model.
This procedure was continued until the most parsi-
monious model was obtained, using Akaike’s informa-
tion criterion (AIC; Burnham and Anderson 2003).
AIC is a function of the model deviance and the
number of variables in the model; the smaller the AIC
value, the better the model.

We evaluated the accuracy of the probabilities for
predictions using several statistics recommended by
Fielding and Bell (1997). We estimated the accuracy of
classifications by calculating rates of false positive and
false negatives cases, and a Kappa K value. The Kappa
K value estimates the model’s overall agreement
between predictions and actual data by comparing if
the model predicts an occurrence better than a chance.
Kappa K values range between 0.0 (random) and 1.0
(all cases correct), values <0.4 reflecting poor, 0.4—
0.75 good and >0.75 excellent fit with the data
(Fielding and Bell 1997).

A cut-off point that separates model probabilities
into presence and absence may affect the interpretation
of the results. We used a threshold-independent
receiving operating characteristic (ROC) plot (Fielding
and Bell 1997) to measure the model’s discrimination
ability by plotting all sensitivity values (true positive
fraction) against their equivalent (1-specificity) values
(false positive fraction). The area under the ROC
function, AUC, provides a single measurement for the
overall accuracy that is not dependent on a particular
cut-off threshold. The AUC value for the model ranges
between 0.5 (no discrimination ability) and 1.0 (perfect
discrimination).

We also evaluated the generality of the patterns
found with our model. We split the data (n=136)
randomly into five parts of equal sizes. We selected four
parts for a data subset, and repeated this procedure to
get all five combinations of the subsets (80% of the
whole data in each subset). To build each sub-model,
we ran principal component analysis with varimax
rotation for the subset, interpreted the new principal
components and, using the new components, ran
logistic regression backwards using AIC in the model
selection as before. This produced five sub-models.
Statistical tests were done with SPSS (12.0.1.).

Results

In our study area, potential habitat covered 17.6%
(6593 ha) of the total area, potential dispersal area 30%
(11231 ha), and areas incapable of being inhabited
52.4% (18476 ha), respectively. Forty-eight of the 136
habitat patches were occupied. We found no sings of
flying squirrel presence from habitat patches that were
situated above 300 m a.s.l. (except one habitat patch
with a minimum elevation of 301 m) (Fig. 2). About
44% of the area of habitat patches was situated above
300 m a.s.l; habitat patch area below 300 m as.l.
(3696 ha) covered 9.8% of the whole study area.
Occupied patches were larger in size, as well as the
amount and proportion of core pixels, and tree volumes
of spruce and deciduous trees per ha were greater than
in unoccupied ones (Table 1). The landscape structure
around habitat patches did not show large differences,
even though unoccupied patches tended to have more
potential dispersal area in their surroundings than
occupied patches. Straight edge-to-edge distances from
occupied patches to the nearest neighbour patches
(SDnnp), and especially to the nearest occupied patches
(SDnop), were shorter than from unoccupied patches.
This result (Fig. 1) suggests that the patch configuration
is spatially clustered to some extent in the landscape,
but the occupied patches are even more clustered. The
average least-cost distance to a nearest neighbour patch
(CDnnp) did not differ much from occupied or from
unoccupied patches, but least-cost distances between
occupied patches (CDnop) were shorter than from
unoccupied to occupied patches. On average, the least-
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Table 1. Comparison between occupied and unoccupied
habitat patches using average (standard deviation in parenth-
esis). n =136, with occupancy prevalence 35.3%.

Variable Presence (SD) Absence (SD)
1 Patch area (ha) 134.9 (276.5) 15.6 (15.2)
2 Core-area (ha) 28.0 (61.2) 2.1 (2.6)

3 Core-prop (%) 16.1 (5.5) 11.7 (4.0)

4 Core-group (number) 74.4 (147.1) 9.5 (9.4)

5 Aslmin (m) 248.6 (26.4) 269.9 (37.1)

6 Lowarea (ha) 78.4 (147.3) 9.8 (14.0)

7 Spruce (m? ha B 51.4 (11 ) 3 5 (10.5)

8 Deciduous (m*> ha™") 12.7 (3.2 0.6 (2.8)

9 PH500 (%) 11.4 (7. ) 0.2 (10.2)
10 DA500 (%) 31.4 (13.6) 8.5 (14.8)
11 1A500 (%) 57.2 (13.3) 1.3 (18 2)
12 SDnnp (m) 191.1 (409.7) 232 3 (255.4)
13 SDnop (m) 395.2 (650.4) 690.6 (720.4)
14 CDnnp (m) 352.4 (712.5) 335.2 (356.7)
15 CDnop (m) 741.6 (1123.5) 1141.2 (1165.9)

cost distances were almost two times longer than
straight edge-to-edge distances.

Principal component analysis

Five principal components (PC) with eigenvalues >1
explained almost 86% of the variation in the data
(Table 2). About 27% of the variation was explained by
PC1, which had high positive loadings for patch size
variables, and we interpret PC1 to describe the size of a
habitat patch. PC2 explained 19% of the variation, with
high positive loadings for distances to nearest occupied
patches and a negative loading for the surrounding

potential habitat. PC2 scales habitat patches using patch
neighbourhood information so that habitat patches
characteraised by a high amount of potential habitat
in their surroundings and short distances to the nearest
occupied patches are situated on the negative end of the
PC2 axis. PC3 explained 16% of the variation, and
yielded high loadings for the proportion of core pixels
in a habitat patch as well as for the volumes of spruce
and deciduous tree and, thus, indicates habitat patch
quality. High positive loadings for potential dispersal
area and high negative loadings for areas incapable of
being inhabited in PC4 indicate that this axis correlates
positively with structural connectivity in the surround-
ing landscape. PC5 had a high negative loading for
minimum altitude of a habitat patch and positive
loadings for distances to nearest neighbour patches.
Habitat patches on the negative end of the PC5 axis are
characterized by high altitude and short distances to the
nearest neighbour patches, and describe high-elevation
forests. PC4 explained ca 13% and PC5 12% of the

variation.

Model for the species occurrence in a habitat
patch

The simplest logistic regression model explained 87.5%
of the observed species occupancy pattern (Table 3).
The model included all main effects (PC1-PC5) and
interaction terms between PC1 and PC5, PC2, and
PC4 and between PC2 and PC5 (Table 3). Absence of
the flying squirrel was better predicted than presence
(93.2% and 77.1%, respectively). The false negative
rate was 22.9% (11 cases predicted unoccupied but

Table 2. Principal component with varimax-rotation (n =136). High loadings representing the interpretation of each factor are
shown in bold. PC1 refers to “patch size”, PC2 to “neighbourhood”, PC3 to “patch quality”, PC4 to “structural connectivity”’, and

PC5 to “high-elevation forests”.

PC1 PC2 PC3 PC4 PC5
Patch area 0.979 —0.023 0.179 0.021 0.014
Core-area 0.975 —0.022 0.183 0.021 0.013
Core-prop 0.273 —0.039 0.859 —0.095 0.095
Core-group 0.980 —0.027 0.176 0.018 0.013
Aslmin —0.249 0.205 0.080 0.201 —0.726
Lowarea 0.955 —0.054 0.190 —0.016 0.074
Spruce 0.208 —0.076 0.862 0.151 —0.092
Deciduous 0.143 —0.122 0.801 —-0.119 —0.103
PH500 —0.046 —0.594 —0.060 0.183 —0.339
DA500 0.036 0.123 —0.015 0.951 —0.002
IA500 —0.006 0.225 0.047 —0.938 0.192
SDnnp —0.116 0.578 —0.206 0.042 0.703
SDnop —0.047 0.944 —-0.119 0.049 —0.056
CDnnp —-0.115 0.539 —0.174 —0.027 0.717
CDnop —0.043 0.917 —0.106 0.001 0.009
Eigenalue 4.015 2.844 2.366 1.911 1.724
% of variance 26.769 18.959 15.771 12.738 11.494
Cumulative% 26.769 45.728 61.499 74.237 85.731
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Table 3. Result of the logistic regression model (n =136, DF =
9). With these principal components and interactions, a total of
87.5% of the occupancy status (absence 93.2%, presence
77 .1%) was predicted correctly in the analysis.

Principal component B SE Wald p

PC1 6.383 1943 10.794 0.001
PC2 —0.966 0.359 7.241 0.007
PC3 1.666 0.375 19.751 0.000
PC4 —0.408 0.303 1.812 0.178
PC5 —1.023 0.631 2.354 0.105
PC1xPC5 —4.474 2.352 6.619 0.057
PC2xPC4 1.603 0.459 12.212 0.000
PC2 xPC5 0.881 0.424  4.329 0.037
Intercept —0.004 0.444 0.000 0.993

observed occupied), and false positive rate 6.8% (6 cases
predicted occupied but observed unoccupied) (Fielding
and Bell 1997). A Kappa K value of 0.720 indicated a
good fit with the data (Fielding and Bell 1997). In
addition, the area under the ROC curve (AUC value
0.909) indicated good accuracy of the model with the
data without regard to the threshold: for any randomly
selected habitat patch the model would give a correct
prediction 90% of the time.

A habitat patch was more probably occupied when it
was larger in size (PC1) and of better quality (PC3),
and when it had shorter distances to the nearest
occupied patches (PC2). The interaction term
“PC1 x PC5” reflects a relationship between the habitat
patch size and the topography of the study area: smaller
habitat patches (negative end of PC1) are often situated
at higher elevations and are closer to other habitat
patches (negative end of PC5). The interaction term
“PC2xPC4” suggests that the occupancy status of
habitat patches is related to the landscape structure at
the patch scale (Fig. 3). In the surroundings of an
occupied habitat patch there often is more areas
incapable of being inhabited than potential dispersal
area (negative end of PC4), but the nearest neighbour
distances to the occupied patches are relatively short
(negative end of PC2). The areas incapable of being
inhabited in the close surroundings of occupied patches
mostly consisted of clear cuts and saplings (height <4-
5 m) since recent forestry practises have mainly
decreased the size of the existing mature forest stands,
but there were also open bogs, young forests (height
<8 m), and a few small lakes or fields within the close
surroundings. When there is a large amount of potential
dispersal area in the habitat patch surroundings
(positive end of PC4) the effect of distance to the
nearest occupied patch on patch occupancy seem to be
smaller (Fig. 3). The interaction term “PC2xPC5”
reflects the hilly topography of the study area.
When habitat patches are situated at higher elevations
(negative end of PC5) there is a more pronounced
reduction in patch occupancy with increasing distance
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shorter nearest neighbour distance between patches and more
areas incapable of being inhabited in their surrounding than
habitat patches at the positive ends have.

to neighbouring occupied patches than in habitat
patches situated at low altitudes. Therefore, the effective
distance between habitat patches also depends on
elevation. This partially explains why habitat patches
situated above 300 m a.s.l. were not found to be
occupied.

Our modelling results with the whole data (Table 3)
and with five sub-models (Appendix 1) were surpris-
ingly robust. The variable loadings of principal com-
ponents in the five sub-models could be interpreted
similarly as with the full data (Appendix 1, Table 2).
The “patch size” (PC1) and “patch quality” (PC3), and
the interaction term between “neighbourhood” and
“structural connectivity” in the surroundings (PC2 and
PC4) were included in every sub-model. As such, this
suggested their importance as rather general aspects for
the occurrence of the Siberian flying squirrel in this
landscape. Our modelling results were thus rather
general, the differences relating mainly to “high-eleva-
tion forests” (PC5) and interactions, as well as to the
model accuracy (i.e. values of Kappa K and AUC).
Therefore, it seemed appropriate to examine general
patterns explaining the phenomenon in question, while
simultaneously showing the wvariability in different
sub-models (such as the interactions in our study). If
relying on only one model, the interpretation of the
phenomenon may be limited.

Figure 3 illustrates a trend between the surrounding
areas incapable of being inhabited and inter-patch
distances, and that a majority of the occupied patches
seemed to have negative values for both PC2 and PC4.
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We were interested in examining this relationship for
possible “threshold limits”, and focused only on the
habitat patches for which PC4 scores <0. These
habitat patches were roughly surrounded by >60%
areas incapable of being inhabited (74 patches of which
32 were occupied). When patch surroundings were
dominated by areas incapable of being inhabited, a
straight edge-to-edge distance between two occupied
patches (SDnop) was 136 m on average (95% con-
fidence interval 70—203 m), whereas the average value
for distances from an unoccupied patch to the nearest
occupied patch was 896 m (95% CI 651-1141 m;
Mann-Whitney U =1570, p =0.001). Similar re-
sponses were found for distances to any of the nearest
neighbour patch (SDnnp: from an occupied patch the
average was 108 m (95% CI 51—-165 m) and from an
unoccupied patch 291 m (95% CI 205-376 m);
Mann-Whitney U =304.5, p =0.0001).

In our data, the habitat patch size distribution was
biased towards smaller and mid-sized patches. We
removed habitat patches >100 ha from the data (total
of 11 patches from 100—200 ha to the two largest being
1002 and 1430 ha in size), and repeated all analyses.
Results were similar. Even though large habitat patches
increased the amount of potential habitat and habitat
patch sizes, the skewed distribution in the data did not
appear to bias the landscape effects found in the
modeling results.

Discussion

Our results showed many important patterns regarding
the occurrence of the Siberian flying squirrel in our
study area, which are valuable to landscape manage-
ment. Consistent with earlier findings (Reunanen et al.
2002b, Selonen and Hanski 2004), occupied patches
were larger in size and of better quality as they
contained higher volumes of deciduous trees than
unoccupied patches. Unoccupied patches at higher
elevations are probably of lower quality because they
often are characterised by thinner forests with smaller
trees. Very interesting new findings were related to
distances between habitat patches. Occupied patches
had shorter distances, particularly to other occupied
patches, measured via by both edge-to-edge and least-
cost distances. In general, straight edge-to-edge dis-
tances were two to three times shorter than least-cost
distances. However, the proportion of potential dis-
persal area within the 500 m radius around a habitat
patch did not differ between the patch occupancy
classes (Table 1 and PC4 in Table 3).

The patches of potential habitat (i.e. mature spruce-
dominated forests) within the landscape seemed to be
aggregated in general (Fig. 1.), which is a function of
both the underlying topography of the landscape and of

284

forest harvesting (clustering of clear cuts in space and
time). Distribution of individuals is rarely random in
nature (Taylor et al. 1978), and in our study the
occupied patches in the landscape were spatially
clustered. This observed pattern does not indicate
limited moving abilities of flying squirrels, since most
of the edge-to-edge distances to the nearest neighbour
patch were within 500 m in our study landscape, and
the least-cost distances fell within the observed dispersal
distances of flying squirrels (Selonen and Hanski 2004).
Selonen and Hanski (2004) also reported that besides
the small gaps within the gliding distances up to 70 m,
flying squirrels may cross open fields of 110—130 m,
and one individual was documented to have traversed a
300 m wide open field. Our finding may be related to
preferences of the individuals as well as to population
dynamics in time: the population processes are likely to
be more stable if habitat patches are situated close to
each other in clusters (McKelvey et al. 1993, Harrison
and Fahrig 1995, Letcher et al. 1998). Unfortunately,
with limited data we cannot recognise the underlying
processes for the observed occupancy pattern.

Patch size and quality, as well as distances to the
nearest patches, were the most important variables in
our predictive model that explained 88% of the
occupancy pattern of the species and seemed to be
rather robust when compared with the sub-models.
However, patch occupancy was not just a function of
these characteristics but also depended on overall
landscape structure. The significance of short inter-
patch distances was particularly pronounced when
patch surroundings contained more areas incapable of
being inhabited than potential dispersal area. The
significant interaction term between “neighbourhood”
(PC2) and “‘structural connectivity” (PC4) in the
model suggests that the role of distances among habitat
patches varies according to landscape composition (Fig.
3). Even though occupied patches had more potential
habitat within their surroundings and the amount of
areas incapable of being inhabited did not seem to
matter within relatively short distances between habitat
patches, occupancy of more distant habitat patches may
be dependent on the forested connections.

A fruitful practical approach may be to consider
landscape composition and configuration in light of the
habitat patch network. The network consists of nodes
and linkages that are surrounded by a landscape matrix,
often the dominant element in the landscape (Forman
1995). We distinguished three landscape classes from
the perspective of the flying squirrel. Areas incapable of
being inhabited covered 52% of the landscape and
represent the landscape matrix. The linkages (i.e.
potential dispersal area) covered 30% of the study
landscape. Therefore, at least 48% of the landscape
(i.e. linkages together with the potential habitat,
17.6%), can be used by flying squirrels to some extent.



Therefore, even though potential habitat in our study
landscape was broken up into separate patches (Fahrig
2003), the majority of the landscape seems to be
functionally connected from the species’ perspective.
It is still difficult to identify the true functional aspects
of a landscape, since actual movements of individuals
between habitat patches or connectivity may be com-
plicated to measure (Merriam 1995).

There also may be a threshold for habitat loss after
which patch occupancy and species abundance is no
longer a linear function of habitat availability (Andrén
1994). In our study area the proportion of potential
habitat below 300 m a.s.l. was only 9.8%. This is below
the suggested 10—30% threshold level after which
fragmentation effects may exacerbate the negative
effects of habitat loss on population distribution and
persistence based on empirical (Rolstad and Wegge
1987, Andrén 1994, Reunanen et al. 2004) and
theoretical (Bascompte and Solé 1996, With et al.
1997, Fahrig 1998, Flather and Bevers 2002) studies.
Furthermore, if we only consider the sites of preferred
pixels within the habitat patches, the variable “core-
area” covers on average 13% of the total habitat patch
area. This suggests that important sites for feeding and
cavity trees within spruce-dominated forests seem to be
small in size, and relatively scarce in our study
landscape.

Landscape configuration and connectivity are im-
portant, yet complicated spatial issues (Dunning et al.
1992, Merriam 1995). Earlier theoretical and empirical
findings were mainly based on categorization of land-
scapes as either habitat patches or as matrix. Wiegand
et al. (2005) used three landscape categories in their
simulation studies and found that species persistence
and population processes in the landscape may be
enhanced by increasing the amount of dispersal habitat.
The importance of matrix quality for the flying squirrel
has also been found in Finland (Reunanen et al. 2000,
2002b, 2004, Selonen et al. 2001, Selonen and Hanski
2004). Habitat classification of the landscape forms the
basis of our study. In ecological studies, it is crucial that
the accuracy of the GIS data and the resulting habitat
map from classification of satellite images has been
checked properly (Holmgren and Thuresson 1998).
Raster artefacts, systematic errors in habitat classifica-
tion, and outdated habitat maps may have a negative
impact on the quality of the data used in ecological
study and further have a profound effect on the results.
In our approach, misclassifications of satellite images
were mostly systematic and related to middle-aged pine
forests and vegetation patterns on shore lines (Kalliola
and Syrjinen 1991).

We draw two general conclusion from our results.
First, realistic definitions of suitable habitats for the
flying squirrel must be incorporated into forestry
planning procedures, since in the region where our

study area is situated, forest harvesting by clear cutting
is practised only in forest stands below 300 m a.s.l.
Therefore, conflict between management for commer-
cial forestry and for flying squirrel habitat persistence is
further intensified if the amount of suitable habitat in
the lowlands is decreased on the assumption that ample
suitable habitat remains at higher elevations. Second,
occurrence of flying squirrels seemed to be more
probable with short distances between habitat patches
or forested connections between habitat patches. On the
scale of our study areas incapable of being inhabited
surrounding the habitat patches does not seem to be a
problem, since within the habitat patch clusters, totally
open areas can also be traversed. Flying squirrels are
relatively mobile, but if habitat patches are very distant,
least-cost distances may provide a more practical
measure for probable connections between patches.
This emphasises the consideration of the forests suitable
for dispersal between distant habitat patches.

In conclusion, the future challenge of ecological
research is to connect landscape patterns to population
processes (Kareiva and Wennergren 1995, Hanski
1999). The breeding sites of the flying squirrel (e.g.
core areas and cavity trees) and some moving connec-
tions to the nearby forests are already maintained in
forestry practises in Finland (Anon. 2003), but a
broader spatiotemporal approach is still needed. While
increasing our knowledge by research, maintaining a
clustered arrangement of good quality habitat patches
and regenerating new potential habitat as well as
dispersal areas between habitat patches seem to be
appropriate goals for long-term forest management to
enhance persistence of the flying squirrel in the land-
scape. The network idea, with nodes and linkages
(Forman 1995), in landscape planning may well be one
approach to maintain the Siberian flying squirrel in
boreal forest landscape in northern Finland.
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