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THE EFFECTS OF FOREST FRAGMENTATION ON THE
FOREST-DEPENDENT NORTHERN LONG-EARED BAT
(MYOTIS SEPTENTRIONALIS)
By Lynne E. Henderson
ABSTRACT
The modification of formerly contiguous natural areas is a central concern to
conservation biology because of the potential to negatively affect biological
communities. Characterizing the effects of forest fragmentation is essential to
understanding the response of populations of forest species to fragmentation. The goal of
this thesis was to explore the effects of forest fragmentation on a forest-dependent bat
species in an agriculturally-dominated landscape by; 1) relating the distribution of
northern long-eared bats (Myotis septentrionalis) to forest loss and changes in forest
composition; and 2) examining the movements and resource selection of female bats.
The best predictor of bat distribution was the area of hardwoods, with the effect at the
fragment level for females and at the landscape level for males. Female bat movements
were found to be strongly associated with forest features. The availability of roosts,
amount of structural clutter (tree density) and proximity to forested creeks best explained
the spatial separation of roosting and foraging areas. This study demonstrates the impacts
of forest management practices on bats and highlights the importance of incorporating the
requirements of forest-dwelling bats into forest management plans to maintain bat

populations.
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Chapter 1
The effects of forest fragmentation on the forest-dependent northern

long-eared bat (Myotis septentrionalis): introduction
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The modification of landscapes has a long history that tracks the development and
expansion of settlements, agriculture and natural resource extraction (Forman & Godron
1986; Saunders et al. 1991). The anthropogenic fragmentation of formerly contiguous
habitat of species is a central concern to conservation because of the large potential to
influence local biodiversity (Andrén 1994; Franklin ef al. 2002). In this thesis, habitat is
defined as a concept to describe the resources and conditions (both physical and
biological) of an area that permit occupancy and it is considered to be a species-specific
term (Hall ez al. 1997; Morrison 2001). Therefore, the process of fragmentation isolates
remnant habitats independent from habitat loss (Fahrig 2003), and both the loss and
isolation influence the quality of the remaining habitat for populations. The effects of
fragmentation on populations can include disrupted dispersal (Coopér & Walters 2002),
overcrowding (Zanette ef al. 2000), edge effects (Andrén & Angelstam 1988; Huhta et al.
1999) and increased competition (Huxel & Hastings 1998). Characterizing and
quantifying the effects of fragmentation on a species distribution and behaviour in
landscapes is essential to understanding population responses to landscape fragmentation.

Studies investigating fragmentation have predominantly taken a community-level
approach stemming from island biogeography theory (MacArthur & Wilson 1963;
MacArthur & Wilson 1967) where the focus is on area and isolation effects (Ewers &
Didham 2006; Haila 2002). Communities assessed for fragmentation effects have
included small mammals (Bayne & Hobson 1998; Bowman ef al. 2001; Nupp & Swihart
2000), amphibians (Silva et al. 2003; Weyrauch & Grubb 2004), and birds (Opdam ef al.
1984; Uezu et al. 2005; Villard ef al. 1999; Watson ef al. 2004). These and other

empirical studies demonstrate that the response to fragmentation is at the species level as
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habitat and individual life history traits in behaviour are specific to species and landscape
structure (Bright 1998; Harris & Reed 2002; Saunders ef al. 1991; Tischendorf & Fahrig
2000). Furthermore, intra-specific variation in behaviour due to sex or reproductive
status may also influence responses to habitat fragmentation (Bayne & Hobson 2001;
Desrochers & Hannon 1»997; Fraser & Stutchbury 2004). Species traits that may yield
sensitivity to fragmentation include low reproductive capacity, resource specialisation,
poor dispersal ability, sociality, and high trophic level position (Henle ez al. 2004; Noss et
al. 2006). o

Bats as a group exhibit many of the fragmentation sensitivity traits such as low
fecundity (Barclay & Harder 2003) and high longevity, (Arlettez ef al. 2002; Keen &
Hitchcock 1980) which can put them at risk for population declines (Fenton 2003;
Findley 1993; Purvis et al. 2000). Recent work has demonstrated the negative effect of
fragmentation on the species richness of forest bat communities (Bernard & Fenton 2003;
Cosson et al. 1999; Crome & Richards 1988; de Jong 1995; Estrada & Coates-Estrada
2002; Gorresen & Willig 2004). Consistent with other animal groups studied, bat species
exhibit a differential response to forest fragmentation depending on their specific life
history traits or behaviours. These species-specific responses are further underscored in
studies of response to logging, (Grindal 1996; Patriquin & Barclay 2003) and urban and
agricultural expansion (Duchamp et al. 2004; Evelyn et al. 2003; Sparks et al. 2005).
Species exhibiting a forest dependence, where the forest is required for multiple life
history needs (foraging and roosting; Miller ef al. 2003) are predicted to be vulnerable to
fragmentation.

The volant nature of bats means that they are highly mobile and can cross

different vegetation types efficiently and therefore may have access to multiple landscape
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habitats (Fenton 1997). Studies show that some bat species will cross large distances to
use remnant habitat fragments for foraging and roosting in fragmented landscapes
(Bernard & Fenton 2003; Evelyn & Stiles 2003; Lumsden & Bennett 2005; Zi‘.elin‘ski &
Gellman 1999). In forest-agricultural landscapes in Europe, some bat species were found
to use wooded linear landscape elements, such as hedgerows and riparian corridors, in
commuting through or foraging in agriculturally dominated landscapes (Downs & Racey
2006; Limpens & Kapteyn 1991; Verboom & Huitema 1997). The specific vagility of a
bat in a fragmented landscape will depend on the behavioural, morphological and
ecological characteristics which dictate individual resource selection and use (Evelyn &
Stiles 2003; Fenton 1997). Forest specialists are strongly associated with intact forested
areas, and may exhibit lower vagility in a fragmented landscape depending on the specific
compositions and configuration of remnant forest patches. Restricted vagility in
fragmented systems is well documented for forest specialist birds (Bayne & Hobson
2001; Bélisle et al. 2001; Fraser & Stutchbury 2004; Huhta ef al. 1999; Villard et al.
1999).

Animals select resources at a variety of scales (Johnson 1980; Orians &
Wittenberger 1991) and bats in particular may select resources at multiple scales owing to
their high vagility (Fenton 1997). The presence of bats in a landscape depends on a suite
of interrelated conditions (e.g. prey abundance, suitable roosts, climate; Ford et al.
2006a). Although fragmentation is considered as a landscape process (Fahrig 2003) its
effects occur over multiple scales by influencing specific habitat resources. In order to
understand the effects of fragmentation on bats it is important to undertake focused

studies on single species over multiple scales.
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The northern long-eared bat is a widely distributed North American species
ranging from the forests of British Columbia to Newfoundland and as far south as Florida
(Caceres & Barclay 2000; van Zyll de Jong 1985). The life history of the northern long-
eared bat is typical for temperate bat species with a period of activity in the summer and a
hibernation period in the winter. In the late summer and early fall, male and female bats
gather at hibernacula for swarming and mating activity prior to entering hibernation
(Caire ef al. 1979). In the summer, males and females disperse to forests from winter
hibernacula. Female bats are more restricted in roosting choices in order to minimize
energy expenditures associated with higher reproductive costs incurred from pregnancy
and providing sole parental care to juveniles (Barclay 1991; Broders et al. 2006;
Garroway 2006; Hamilton & Barclay 1994; Mclean & Speakman 1999; Willis ef al.
2006). Females predominantly roost in deciduous tree specieé in maternity colonies
(Broders & Forbes 2004; Foster & Kurta 1999; Menzel et al. 2002; Sasse & Pekins 1996)
and males typically roost solitarily in either deciduous or coniferous trees (Broders &
Forbes 2004; Ford et al. 2006b; Jung et al. 2004; Lacki & Schwierjohann 2001).

The northern long-eared bat is forest dependent since in addition to roosting in the
forest, the species also forages in the forest interior (Broders ef al. 2006; Jung ef al. 1999,
Lacki & Hutchinson 1999; LaVal ef al. 1977, Owen ef al. 2003). Wing morphology and
echolocation call design reflect a species that is adept at gleaning and hawking prey
aerially in structurally cluttered forest interiors (Broders ef al. 2004; Faure ef al. 1993;
Fenton & Bogdanowicz 2002; Ratcliffe & Dawson 2003). The primary insect prey
consumed by northern long-eared bats are Lepidopterans and Coleopterans (Brack &

Whitaker 2001; Broders 2003; Carter ef al. 2003).
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The goal of this thesis was to assess the effects of forest fragmentation on bats by
examining the response of a forest-dependent bat species, the northern long-eared bat
(Myotis septentrionalis) to forest fragmentation in an agriculturally-dominated landscape.
This thesis examined the effects of fragmentation on the northern long-eared bat at two
different levels; first at the geographic and distributional level and second at a colony-
range level. The specific objectives addressed in this thesis were:

Chapter 2: Quantifying the relationship between fragment characteristics (local
and landscape level) and the presence of Myotis septentrionalis within the fragment to
determine the best predictors of the distribution of the species.

Chapter 3: Determining the extent to which Myotis septentrionalis uses the forest-
agricultural landscape by 1) following individual bats to identify roosting and foraging
sites; 2) determining if movements in foraging and commuting are restricted to areas with
forest cover; 3) characterizing and comparing the forest structure in roosting and foraging
areas; 4) assessing the abundance of potential insect prey in foraging and roosting areas.

Chapters two and three are written as independent manuscripts for publication. In
chapter two I have included data sampled in 2004 by an honours student in my modelling
in addition to data sampled by myself in 2005. Statistical analysis and interpretation of

the data in the chapter are my own.
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Chapter 2
Intra-specific effects of forest loss by fragmentation on the distribution

of the northern long-eared bat (Myofis septentrionalis)
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Abstract
The fragmentation of forests by the expansion of human activities is

- acknowledged as an important factor driving declines in forest species worldwide.
Quantifying the effects of forest fragmentation is essential to understanding the response
of populations of forest-dependent species. To examine the impacts of forest cover loss
and changes in composition on forest-dependent bats, the effects of these factors on the
distribution of the northern long-eared bat (Myotis septentrionalis) were studied as a case
study. Forest fragments were surveyed in the fragmented forest-agricultural landscape of
Prince Edward Island to assess occupancy of bats in fragments. Logistic regression and
multimodel inference using Akaike’s Information Criteria were used to identify
potentially important predictor variables in influencing the distribution at the fragment
and landscape level and quantify their effects. A compositional variable, area of
hardwoods, was found to be the best predictor of presence of M. septentrionalis. The
effects of fragmentation were found at the fragment level for females and at the landscape
level for males. This case study emphasizes the importance of examining intra-specific

resource selection in how it affects the response of a forest-dependent species.

Key words: forest fragmentation, AIC, Chiroptera, Myotis septentrionalis, distribution,
landscape, PEI
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Introduction

Landscape mosaics of natural and anthropogenic features (agricultural, urban and
rural areas) have become a dominant landscape pattern across many regions of North
America (Forman & Godron 1986). The fragmentation of formerly contiguous
landscapes is a central concern to conservation because of the large potential to influence
the persistence of biodiversity in these landscapes (Andrén 1994; Franklin ef al. 2002;
Lumsden & Bennett 2005). The process of habitat fragmentation isolates remnant areas
independently from the original habitat loss (Fahrig 2003) and both loss and isolation
influence the quality and quantity of resources available to maintain populations.
Fragmentation therefore impacts populations by reducing immigration and population
size, and by creating openings for invasion by exotic species (Law ef al. 1999).
Quantifying the effects of fragmentation on a species distribution is thus an important
undertaking for determining the factors that regulate populations (Andrén 1999).

Studies investigating the effects of fragmentation on populations have primarily
probed community-level responses in a manner derived from classical island
biogeography theory (MacArthur & Wilson 1963; 1967). The dramatic ecological
differences between forest fragments and agricultural areas have made the study of forest-
agricultural landscapes an ideal setting to explore the effects of fragmentation on forest
remnant and matrix processes (Kupfer ef al. 2006). Community level studies in these
landscapes have included amphibians, (Silva ef al. 2003; Smith ef al. 1996) small
mammals (Bayne & Hobson 1998; Nupp & Swihart 2000) and woodland birds
(Desrochers & Hannon 1997; Opdam et al. 1984; Villard ef al. 1999). Recent research
has demonstrated a differential response to fragmentation at the species level as species-

specific life history characteristics such as vagility (D'Eon ef al. 2002), niche breadth

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Swihart ef al. 2003) and behaviour (Bélisle & Desrochers 2002; Bowman & Fahrig
2002) determine individual species response. Traits that confer a sensitivity to
fragmentation include low reproductive capacity, resource specialisation, high trophic
position, and poor dispersal ability (Henle et al. 2004; Noss et al. 2006).

Bats are the second most species rich order of mammals with approximately 1100
species world wide (Simmons 2005), and thus can be important contributors to a wide
variety of ecological communities. Two critical components for persistence of bat
populations are the availability of roosting and foraging resources, although the relative
importance of each as limiting factors has yet to be resolved (Fenton 1997, 2003). Bats
have a low reproductive potential (typical litter size of temperate species is 1 or 2 per
year; Barclay & Harder 2003) and are long-lived with records in excess of 30 years
(Arlettez et al. 2002; Keen & Hitchcock 1980) and even 40 years (Podlutsky ef al. 2005).
These traits make bats sensitive to large-scale environmental perturbations which may put
them at risk for population declines (Findley 1993; Purvis ez al. 2000). Fragmentation
has the potential to directly impact bat populations by limiting essential roosting and
foraging resources.

Several studies have explored the effects of fragmented landscapes on bats using
community level surveys (Bernard & Fenton 2003, 2007; Cosson et al. 1999; Crome &
Richards 1988; de Jong 1995; Estrada & Coates-Estrada 2002; Gorresen & Willig 2004).
Previous work has also shown that bats respond to alterations in forest structure from
harvesting via changes in roost selection and foraging activity (Crampton & Barclay |
1998; Grindal 1996; Patriquin & Barclay 2003; Sedgeley & O'Donnell 2004). These
studies have concentrated on forested environments and illustrate that the differential

response by individual species to fragmentation is affected by unique roosting and
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foraging site preferences and behaviours. Forest generalists that are able to use a wide
variety of landscape elements, (Russ & Montgomery 2002) may be neutrally or positively
affected by fragmentation through the creation of forest-edges (Grindal & Brigham 1999).
Species exhibiting a forest-dependence, where forests are required for multiple aspects of
life histories (e.g., foraging and roosting), are likely more vulnerable to forest loss and
fragmentation (Lane ef al. 2006). Few studies have quantitatively addressed the effects of
forest fragmentation on individual bat species despite the large number of forest dwelling
bats (although see Evelyn & Stiles 2003; Lumsden et al. 2002; Sedgeley & O'Donnell
2004 for notable exceptions on roosting ecology).

In this study the distribution of the northern long-eared bat (Myotis
septentrionalis) was examined in a forest-agricultural mosaic on Prince Edward Island
(PEI), Canada. The forests of PEI are part of the Acadian forest region, and are
characterized by both broadleaf deciduous and boreal coniferous species (Sobey & Glen
2002, 2004) including sugar maple (4Acer saccharum), yellow birch (Betula
alleghaniensis), red spruce (Picea rubens) and balsam fir (4bies balsamea) (Farraf 1995).
PEI has been subjected to nearly three centuries of intense anthropogenic activities such
as shipbuilding, timber harvesting and agricultural intensification. The clearing of land
peaked in the early twentieth century with approximately 70% of the island’s forests
being cleared (Loo & Ives 2003). As a result, the current landscape is highly fragmented
in which disturbed and regenerated forest patches are embedded in a matrix of agriculture
and the current forest cover is approximately 45%. The extensive fragmentation on PEI
is expected to impact the distribution of local animal populations, and studies have
assessed the impacts on small mammals (Hartling & Silva 2004; Silva 2001) and

amphibians (Silva et al. 2003). The goal of this research was to quantitatively assess the
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effects of forest fragmentation on bats through a case study on the distribution of the
northern long-eared bat (Myotis septentrionalis).

The northern long-eared bat (Myotis septentrionalis) is a common, widely
distributed species in North America that ranges from the fringes of British Columbia to
Newfoundland and as far south as Florida (Caceres & Barclay 2000; van Zyll de Jong
1985). Morphology and echolocation call design reflect a high degree of manoeuvrability
in flight, and a flexible gleaning and hawking foraging strategy, (Faure ef al. 1993; ‘
Fenton & Bogdanowicz 2002; Norberg & Raynor 1987; Ratcliffe & Dawson 2003) thus
facilitating foraging in cluttered forest interiors. The species is forest dependent as it uses
the forest interior for both foraging and roosting (Broders et al. 2006; Broders et al.
2003; Foster & Kurta 1999; Hutchinson & Lacki 2000; Jung ef al. 1999; Sasse & Pekins
1996). Females predominantly roost in deciduous tree species in maternity colonies
(Broders & Forbes 2004; Foster & Kurta 1999; Menzel ef al. 2002) and males typically
roost solitarily in either deciduous or coniferous trees (Ford et al. 2006; Jung et al. 2004;
Lacki & Schwierjohann 2001). It follows that in response to these gender differences in
roost site selection, the distribution of M. septentrionalis among forest patches may vary
between the sexes (Barclay 1991; Mills ef al. 1996).

The effects of forest cover loss and compositional changes in forest stands were
emphasized rather than isolation or landscape figuration measures as determinants of the
species distribution. The objective of this research was to assess if the loss of forests via
fragmentation is influencing the distribution of M. septentrionalis. Specifically I wanted
to: 1) determine if area- or compositional-type variables were better at predicting bat
presence in a fragment; 2) determine if there were vintra—speciﬁc differences in the

distribution and 3) determine the level (fragment or landscape) of the effects.
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Methods
Study sites

Field surveys were conducted in July and August of 2004 and from June to
August of 2005 in 88 forest fragments across Prince Edward Island (Figure 1). For this
study a fragment was defined as an area of continuous forest that was entirely separated
from other such forested areas by roads, fields, residential areas, etc. Survey fragments
were selected based on a number of criteria. At a broad scale fragments were selected to
sample across the island and to collectively encompass a range in size (2 to >2100 ha).
At alocal scale fragments were selected for access to land (permission from private
landowners and access by vehicle) and the availability of suitable trap sites. Sites were
selected with no a priori knowledge of bat distribution or fragment composition.
Trapping surveys

Each forest fragment was trapped on two different nights using harp traps
(Austbat Research Equipment, Lower Plenty, Victoria, Australia). In 2004 sampling
occurred from 27 July to 25 August and in 2005 from 09 June to 17 August. Where it
was possible in 2005, sampling nights were in different seasons. Fragments sampled on
the same night were clustered spatially due to travel-time constraints. In the instances
where visits were not separated seasonally due to logistical constraints, fragments were
never sampled on consecutive evenings. Traps were placed along forested trails or old
roads and where possible trapped at two different sites within each fragment since some
sites may be more successful at capturing bats than others (Mills ef al. 1996). In three
fragments where no established trails or roads existed, mist nets (Avinet, Dryden, New
York) were set up in open areas under the canopy as an alternative. Trapping over two

| nights was done to balance controlling for temporal variation in bat activity and to survey
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many fragments over a large spatial area, following Mills’ (1996) suggestion that two or
three trap nights is sufficient to estimate presence of bat species in an area.

Traps were deployed at sunset, left for approximately eight hours, and checked
before sunrise. In the fragments where mist nets were used, nets were set up for a
minimum of three hours following sunset and were checked every ten minutes, to capture
the peak in bat activity, which oceurs following sunset (Hayes 1997). All captured bats
were identified to species with sex and weights recorded, and were released at the site of
capture before sunrise. On several occasions when traps were checked I found only bat
feces and was unable to identify the species or sex of bats that were captured and escaped.
Therefore, presence of bats in a fragment for distributional modelling was determined as
the in-hand identification of the species and sex in two nights of sampling. Methods for
capture and handling of bats were approved by the Saint Mary’s Animal Care Committee
and under permit from the Prince Edward Island Department of Energy, Environment and
Forestry, and Parks Canada.
Fragment and landscape characteristics

Spatial characteristics thought to be important in determining the presence of
northern long-eared bats were quantified for each survey fragment using ArcGIS
Geographic Information System (GIS; version 9.1, ESRI, California, USA) and GIS land
use data from the PEI Corporate Land Use Inventory (2000). GIS data were derived from
interpretation of aerial photographs taken in 2000 (1:17,500; B&W). Since each sex
exhibits sex-specific preferences in stand selection (Broders & Forbes 2004), variables
quantifying the stand composition of forests were included. Characteristics at the forest
fragment level assessed included total fragment area, and the area of both deciduous and

coniferous stands (hereafter hardwoods and softwoods). Hardwood and softwood stands
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were classified as containing > 75% hardwood and softwoods species respectively.
Fragment size, in particular, has been consistently reported as influencing the distribution
of mammals and birds in fragmented systems (Nupp & Swihart 2000; Uezu et al. 2005;
Villard et al. 1999). The composition of the remnant forest fragments in a fragmented
landscape has also been shown to be important in determining the distribution of birds
and mammals as it directly impacts the resources that are available to populations (Betts
et al. 2006; Bowman et al. 2001).

To assess the effects of landscape characteristics on the presence of northern long-
eared bats, a two kilometre radius buffer zone wés generated around the mid-point of a
line joining the two trapping sites (or from the individual trap site if only one were
available) to create a circular 12.6 km® buffer. I chose a two kilometre radius as the
approximate scale of movements for female northern long-eared bats (Broders et al.
2006). Spatial characteristics determined for each buffer used the same classifications as
the fragment characteristics and included total forest area, and the total area of hardwood

and softwoods stand in the buffer.

Statistical analyses

Analyses were performed on three bat ‘groups’, male M. septentrionalis, female
M. septentrionalis and both sexes, M. septentrionalis combined. A logistic regression
framework (Hosmer & Lemeshow 2000) was used to identify which level (i.e., fragment
and landscape) and which specific variables were important for predicting bat ‘group’
distribution and to quantify their effects. Individuals of a group present at a fragment
were coded as 1, and fragments in which individuals of a group were not trapped were

coded as 0. The fit of models was assessed on the global model for each bat group prior
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to the model selection analysis (Burnham & Anderson 2002) to formally test the
assumption that the data fit a logistic model. Hosmer and Lemeshow’s goodness of fit
test was used where p-values > 0.05 indicate that the data sufficiently fit the model
(Hosmer & Lemeshow 2000).

Following a review of relevant literature on the roosting and foraging ecology of
M. septentrionalis, and on the effects of fragmentation on habitat loss for other bat
species with a similar life-history, a set of nine a priori candidate models was constructed
(Table 1). A small sample size (88 surveyed fragments) and low proportion of response
events per covariate restricted the analysis to univariate or bivariate models (Burnham &
Anderson 2002; Hosmer & Lemeshow 2000). To avoid problems of multicollinearity,
area and compositional variables were not included in the same models.

The second order Akaike’s Information Criterion (AIC.) was used to rank the
candidate models for each group using S-PLUS 2000 (MathSoft Engineering and
Education 1999). AIC differences (A;) were calculated over all models in the candidate
set to compare the empirical support for each model with respect to the best model.
Akaike wéights (w;) were calculated for each model and are interpreted as weight of
evidence that a particular model is the best model, of the candidate set, fitting the data. I
constructed a 95% confidence set of models for each bat group by summing ranked model
Akaike weights to > 0.95 (Burnham & Anderson 2002).

A model-averaging technique was used to calculate the relative importance
weights (Nw;) of each variable found in the 95% confidence set in order to assess which
variables best predicted the presence of M. septentrionalis in a fragment for each bat
group. Model averaging is a useful technique for obtaining parameter estimates with

reduced bias when no single model is clearly found to be the best model of the candidate
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model set (Burnham & Anderson 2002). Model-averaged parameter estimates (i.e., the
effect size; B) with estimated unconditional standard errors (SE; Burnham & Anderson
2002) were calculated for the three top prédictor variables for each bat group. Odds ratios
were calculated for the top predictor variable of each bat group. These ratios are an
association measure to express the likelihood of a presence outcome relative to a change
in the predictor variable (Hosmer & Lemeshow 2000). To assess the relative importance
of fragment level variables in contrast to landscape level variables, relative importance
weights were summed over all fragment variables and over all landscape level (buffer)

variables for each group.

Results

A total of 56 northern long-eared bats (M. septentrionalis) were captured in 28 of
the 88 surveyed forest fragments. Female bats were found in 16 fragments, males in 17
with both sexes found in 5 fragments. The smallest forest fragment that females were
found in was 17.1 ha composed largely of hardwoods (11.8 ha). Males were found in a
comparable minimum sized forest fragment with an area of 15.9 ha that was composed
primarily of softwoods (14.2 ha). A positive relationship between forest area and
presence was consistently found among all groups (Table 2).

For the group, male and female M. septentrionalis combined, the 95% confidence
set consisted of eight of the nine models. The top ranked model for M. septentrionalis
included the landscape level variable, buffer hardwoods, with an Akaike weight of 0.369
and the second best ranked model included the variables buffer hardwoods and buffer
softwoods, and had an Akaike weight of 0.138 (Table 2). The best predictor variable in

determining the presence of M septentrionalis in a forest fragment was buffer hardwoods
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with a relative importance weight of Nw; = 0.519 and a model averaged parameter
estimate of Bynw = 0.0047 (SE = 0.0021; Table 3). The odds of M. septentrionalis
presence. in a fragment, for an increase of 100 hectares of hardwoods in the buffer,
increase by 1.60 (exp(0.0047 x 100); 95% CI: 1.06 — 2.40). The sum of the relative
importance weights for fragment and buffer variables was 0.350 and 0.699 respectively.
Hosmer and Lemeshow’s goodness of fit test indicated that the global model adequately
fit the data (p= 0.561).

For the group, male M. septentrionalis, the 95% confidence set consisted of eight
of the nine candidate models. The top-ranked model for male M. septentrionalis presence
in a fragment included the landscape variable, buffer hardwoods, with an Akaike weight
0f 0.305 (Table 2). The second best ranked model contained the variable buffer forest
area with an Akaike weight of 0.153. The best predictor variable was buffer hardwoods
with a relative import_ance weight of 0.426 and the model averaged parameter estimate
was Pohw = 0.0035 (SE = 0.0020; Table 3). The odds of male M. septentrionalis presence
in a fragment, for an increase of 100 hectares of forest in the buffer, increase by 1.41
(exp(0.0035 x 100); 95% CI: 0.95 — 2.11). The sum of the relative importance weights
for fragment and buffer variables was 0.361 and 0.690 respectively. Hosmer and
Lemeshow’s goodness of fit test indicated that the global model adequately fit the data
(p=0.714).

For the group, female M. septentrionalis, the 95% confidence set again consisted
of eight of the nine models. The top ranked model for female M. septentrionalis included
the variables fragment hardwoods and fragment softwoods, and had an Akaike weight of
0.180. The second ranked model included the variable fragment hardwoods, and had an

Akaike weight of 0.171 (Table 2). There were in fact five models with Akaike weights >
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0.100 indicating high model uncertainty in selecting one best model. The best predictor
variable for females was fragment hardwoods with a relative importance weight of 0.369
and a model averaged parameter estimate of Bmy = 0.0051 (SE = 0.0039; Table 3). The
odds of female M. septentrionalis presence in a fragment, for an increase of 50 hectares
of hardwoods in the forest fragment, increase by 1.08 (exp(0.0051 x 50); 95% CI: 0.77 -
1.29). The sum of the relative importance weights for fragment and buffer variables
contrasts that found for males, with values of 0.585 and 0.465 respectively. Hosmer and
Lemeshow’s goodness of fit test indicated that the model adequately fit the data (p=

0.296).

Discussion

This study suggests that the fragmentation of forests on PEI likely affects the
distribution of M. septentrionalis through the loss of forest cover and specifically the loss
of hardwood stands. Consistent among all groups was a positive relationship between
forest area and presence which supports previous contentions that this species is indeed a
forest dependent species. Positive associations with woodland habitat and higher bat
activity have been documented in community surveys conducted in rural landscape
mosaics (Gehrt & Chelsvig 2003; Walsh & Harris 1996b) underscoring the importance of
woodlands to a variety of bat species in providing essential roosting and foraging
resources (Estrada & Coates-Estrada 2002; Grindal & Brigham 1999; Lumsden ef al.
2002; Vonhof & Barclay 1996). Both buffer forest area and fragment area are measures
of the amount of forest available at different scales, and therefore support the expected
negative effect of forest cover loss on the probability of presence of M. septentrionalis.

Negative effects of forest cover loss on bats is well documented from processes such as
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forest harvesting (Grindal 1996; Patriquin & Barclay 2003), urban expansion (Duchamp
et al. 2004; Evelyn et al. 2003; Sparks ef al. 2005) and agricultural intensification (Russ
& Montgomery 2002; Wickramasinghe ef al. 2003). All three processes have long
occurred on PEI, and the resultant extensive clearing of forested areas is expected to
negatively affect forest species.

The compositional variables quantifying the area of hardwoods were consistently
the top predictors in determining presence for all groups. The relationship of hardwood
area was positively related to presence of northern long-eared bats at either the fragment
or landscape level. Numerous studies have documented use of hardwood species by
females (Broders & Forbes 2004; Foster & Kurta 1999; Menzel et al. 2002; Owen et al.
2003; Sasse & Pekins 1996) and also by males (Ford et al. 2006; Jung et al. 2004; Lacki
& Schwierjohann 2001) although males have also been shown to roost in softwood
species (Broders & Forbes 2004; Jung ef al. 2004). The large number of tree species and
types (hardwood or softwood) used by northern long-eared bats across its range, suggest
that there is considerable flexibility in roost tree species selection by the species in
choosing trees of appropriate characteristics in a specific landscape (Carter & Feldhamer
2005; Ford et al. 2006). This may be particularly applicable to males as they do not face
the same energetic constraints as females in roost selection (Broders & Forbes 2004). On
PEI, male northern long-eared bats may be selecting hardwood species with appropriate
thermal and structural characteristics in the context of the available forest. Further work
would be required to determine roost trees used by male northern long-eared bats on PEI.

As expected, given the strong selection female M. septentrionalis exhibit for
hardwood species, the area of softwoods at the fragment level was negatively related to

presence for females. The effect size of fragment softwoods on female presence (i.e., the
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magnitude of the parameter estimate) is larger than for fragment hardwoods although
negative as opposed to positive. For males, area of softwoods was also negatively related
to presence although at the landscape level. Softwood variables ranked as third for males
and as second best for females in predicting presence and in both cases the parameter
estimates overlapped zero indicating minimal effect. Univariate models composed of
softwood variables never ranked higher than sixth position for any of the groups and
softwood variables that did appear in high ranking models were always paired with
hardwood variables. This further supports the importance of hardwoods to females and
suggests that males may also roost in hardwood trees on PEIL.

For male M. septentrionalis, the effects of forest fragmentation on PEI appear to
be at the landscape level. The top three predictor variables were at the landscape level
and the top variable was buffer hardwoods. Furthermore, the sum of the relative
importance weights shows that variables at the landscape level are more important than
those at the fragment level. Males do not face the same energetic constraints as females
do with carrying the costs of pregnancy and nursing and thus may be less selective of
their roosting trees (Broders & Forbes 2004; Broders ef al. 2006) as they do not have to
select trees to achieve the same thermal benefits as females. Males typically roost as
solitary individuals (Broders & Forbes 2004; Jung et al. 2004; Lacki & Schwierjohann
2001) and do not have to select roost trees suitable for colonies as females do. Therefore,
males may have a larger number of trees available to them in a landscape because they
exhibit a greater flexibility in tree selection compared to females. It follows then that
males may be able to use a smaller forest fragment or a fragment containing a low
hardwood composition compared to females as there are more trees that are available to

males. This may explain why the threshold of response to forest fragmentation is at the
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landscape level. Males may have a broader base of available trees in terms of type
(hardwood or softwood) and also in selection of suitable roost features such as roost size
or type (and therefore microclimate characteristics). This may translate to an area effect‘
where with more trees available to males, roosting areas are expected to be smaller.

Smaller minimum roosting areas for M. septentrionalis males (relative to females)
were found in New Brunswick (Broders ef al. 2006) and the minimum amount of
hardwoods in a forest fragment for males on PEI was smaller compared to females (1.7 ha
to 11.8 ha respectively). This supports that the response for males may be at the
landscape level where males use smaller roosting areas as there are more trees available
to them. Therefore males may be present in fragments with a lower hardwood
composition and thus males do not respond to hardwood loss at the fragment level. It is
expected that a threshold exists where the loss of hardwoods from a landscape will
negatively affect the presence of males if they are selecting hardwood species for
roosting. As hardwoods were found to be important for male M. septentrionalis on PEI,
then an overall loss of hardwood trees would be expected to influence the distribution of
males at the larger landscape level.

In contrast to males, the effects of fragmentation for female M. septentrionalis on
PEI were found at the fragment level. Two of the three top predictor variables were
fragment variables and the sum of the relative importance weights shows that variables at
the fragment level are more important than those at the buffer level. Female bats expend
greater energy than males in reproduction and rearing of their young, (Barclay 1991;
Hamilton & Barclay 1994; Mclean & Speakman 1999) thus there is greater selection
pressure on females for selecting suitable foraging and roosting areas that can minimize

energetic costs. In particular, the roosting requirements of female bats are considered as
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more critical (Mills ef al. 1996) as their energetic demands can be double during periods
of lactation (Kurta ef al. 1990). Communal roosting by female bats can reduce
thermoregulatory costs (Kerth et al. 2001b; Willis & Brigham 2004), and through
cooperative breeding, the cost of rearing young (Kerth et al. 2001a; Wilkinson 1992).
Selection of roost trees would then also occur at a colony level where a larger roosting
area is required for suitable roost trees for individuals of the colony during different
reproductive periods (Garroway 2006; Willis & Brigham 2004). The cost of reproduction
for females may translate to an area effect where with less trees available to females (due
to more stringent roosting requirements), roosting areas are larger. It is expected that
fragments that do not contain a large enough hardwood resource base, to support a
colony, will not have female bats present and therefore the response to forest
fragmentation is expected to be initiated at the fragment level.

It is only recently that intra-specific differences in behaviour have been examined
in the context of a species response to fragmentation. Reproductive status has been
shown to restrict the movements of birds in fragmented systems with the sex that is
responsible for parental care exhibiting lower mobility (Bayne & Hobson 2001; Fraser &
Stutchbury 2004, Harris & Reed 2002). Lumsden et al. (2002) demonstrated that roost
tree locations for female lesser long-eared bats (Nyctophilus geoffroyi) were
predominantly in contiguous forest and roosts of lactating females were located entirely
in the un-fragmented forest. Roosts of males, in the same study area, were situated in a
wide array of landscape elements (woodland remnants, scattered trees, vineyards). These
studies illustrate how the differential cost of reproduction dictates intra-specific

differences in resource selection and behaviour and therefore response to fragmentation.
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In this study, I show that the fragmentation of forests has effects4on northern long- -
eared bats at different spatial scales for each sex. The area of hardwoods was the variable
of importance consistently across all groups; for females its importance is at the fragment
level and for males at the landscape level. The analytical framework of this analysis
demonstrates the importance of understanding the role of intra-specific variation in
species responses to landscape changes. Had the species distribution only been
quantified at the species level, then the fragment level effect for females would have gone
undetected. Effective conservation and management plans for forest-dependent species in
landscape mosaics, must incorporate the speéiﬁc resource requirements for each sex in
order to maintain viable populations.

The results of this study show the importance of maintaining adequate stands of
hardwood trees for the persistence of Myotis septentrionalis populations on PEI. The
overall effects of hardwood areas are not clearly pronounced and distinct thresholds for
minimum conservation areas would be difficult to estimate. This may be due to the
imperfect detection of the species in a fragment from the sampling protocol. The
problematic issue of imperfect detection has recently been investigated in how it
influences wildlife-habitat models. Methods have been developed and implemented to
incorporate site histories of occupancy in order to obtain a detection probability which
can be further incorporated into a wildlife models (MacKenzie 2005; MacKenzie et al.
2002; Yates & Muzika 2006). The study design of two sampling visits did not allow for
site detection probabilities to be derived and included, and thus in certain instances false
absences were recorded and therefore did not contribute accurate information on how the
forest measures influence presence. As a result, it is likely that effect sizes are

underestimated as the parameter estimates were found to be positive (Gu & Swihart
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2004). However, as the effects of hardwoods were found over all analyzed groups, this
suggests that these effects are not spurious.

This study supports the contention that the fragmentation of forests is affecting the
distribution of the northern long-eared bat on Prince Edward Island. The effects are most
pronounced at the landscape level for males and at the fragment level for females.
Previous work on other temperate bat species has also shown a clear forest/woodland
association of bats that inhabit forest-agricultural mosaic landscapes (Downs & Racey
2006; Russ & Montgomery 2002; Walsh & Harris 1996a, 1996b). The results of this
study highlight that although bats are a highly mobile group, a specialization on forest
resources can produce sensitivity to the effects of forest fragmentation. The development
of conservation plans for the species from the models should be approached with caution.
Although there is quantitative evidence supporting effects of forest loss, direct threshold
determinations (e.g., minimum fragment size) from the effect sizes would likely
underestimate the true magnitude of effects. As this analysis focused on aspects of the
roosting ecology of the species, further work exploring how fragmentation has affected
foraging habitat for the species may yield additional insights on how the species uses the

greater landscape.
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