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Abstract

Bat species diversity and distribution vary with climate and with behaviour of
sexes and reproductive classes. Furthermore, a bat's ability to deal with habitat structural
complexity is influenced by body size, wing morphology and echolocation-call structure.
I examined factors influencing community structure and habitat use of forest-dwelling
bats among forests of different biogeoclimatic ecosystem zones and ages in southwestern
British Columbia, using mistnetting and ultrasonic detection. Species composition varied
with ecosystem zone, but not consistently between sampling techniques. Both ecosystem
zone and forest age influenced habitat use by Myotis species. Black cottonwood stands
and lower elevation forests were important for foraging Myotis. Older forests were more
important to foraging Myotis species than young and medium-aged forests; however,
foraging bats strongly preferred riparian areas. Habitat use by species of large bats did
not follow clear patterns among ecosystem zones or forest ages, and results suggest that
they may avoid forest interiors.
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CHAPTER ONE
GENERAL INTRODUCTION
Habitat use by an organism is influenced both by intrinsic factors such as
morphology, sex, age and reproductive stage, and by extrinsic factors such as resource
availability, habitat structure, climate and competition. Habitat use is a broad topic and
has generated literally thousands of empirical and theoretical studies on a variety of taxa,
including insects (Carvell 2002, Hoback et al. 2001, Schal & Bell 1986) fish (Hesthagen

et al. 1997, Mittlebach 1981, Olson et al. 2003), reptiles (Huey & Pianka 1981,
Thompson et al. 1999), birds (Holmes & Sherry 2001, Robinson & Holmes 1984,
Rotenberry 1985); and mammals (Doyle 1990, Morris 1987).
Studying bat habitat use is appealing because bats interact with their environment
on a much larger scale than most birds or other small mammals of similar size, one result
of which is the linkage of several different habitat types (Brigham & Barclay 1996).
Whether linking foraging and roosting sites, or summer locales and winter hibemacula,
temperate insectivorous bats cover large areas within a single season, and this has
important ecological and management implications. Gaining a better understanding of
their lifestyle and the factors that affect their habitat use through broad-scale studies, will
aid in bat conservation.

Intrinsic Factors Affecting Bat Habitat Use
For bats, body size and wing morphology influence manoeuvrability (the ability
to tum in a small space) and agility (ability to tum rapidly), and can generally be used to
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predict habitat use (Norberg & Rayner 1987). Wing loading (weight/wing area) and
aspect ratio (wing span2/wing area) are two commonly used measures of wing
morphology (Farney & Fleharty 1969). Bats with high wing loading (small wing area
compared to their weight) and high aspect ratio (long, narrow wings) must fly fast and are
relatively restricted to open habitats (Norberg & Rayner 1987). Bats with low wing
loading (large wing area compared to weight) and low aspect ratios (short, broad wings)
are capable of slow and manoeuvrable flight, and are better able to exploit more closed
habitats (Norberg & Rayner 1987). Measurements of wing loading and aspect ratio (and
the corresponding flight abilities) vary among species, and even within an individual
species. Pregnant female bats have increased wing loading, and are consequently less
manoeuvrable and less efficient when foraging (Audet 1990), which results in longer
foraging bouts (Audet 1990, Brigham 1991, Shen & Lee 2000) or decreased foraging
distances from the roost (de Jong 1994).
Echolocation-call structure is another major factor determining bat habitat use.
Properties of echolocation calls, such as frequency bandwidth, intensity, duration and the
presence of harmonics, determine call function. There are two main types of bat
echolocation calls. Broadband, frequency modulated (FM) calls sweep down steeply in
frequency and are short(< 5 ms) (Griffin 1958). Narrowband, constant-frequency (CF)
calls are longer (10 - 50 ms), and often contain a small FM component at either end of
the call (Altringham 1996). There are several benefits and trade-offs to each type of call.
CF calls are better for long-range detection of large prey in open habitats while FM calls
are better for short-range detection of small prey in closed habitats (Fenton 1990).
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To a large extent, the combination of body size, wing morphology, and
echolocation-call structure determine a bat's foraging ability and access to particular
habitats and prey (Fenton 1990, Norberg & Rayner 1987, Schnitzler & Kalko 2001,
Simmons et al. 1975), and several studies have found a strong correlation between these
factors (Aldridge & Rautenbach 1987, Brigham et al. 1997a, Crome & Richards 1988,
Fullard et al. 1991, Kalcounis & Brigham 1995). However, habitat use by bats does not
always follow predictions based solely on morphology. Bats that are able to exploit
cluttered situations are not excluded from using open habitats (Fenton 1990), and
echolocation-call structure is flexible to a certain degree (Barclay 1999, Betts 1998,
Brigham et al. 1989, Jacobs 1999, Obrist 1995, Thomas et al. 1987).

Extrinsic Factors Affecting Bat Habitat Use
Temperate insectivorous bats must consume large quantities of prey to satisfy the
high energy-demands associated with being small and volant (Barclay 1991). While prey
abundance is not thought to be a strongly limiting factor for aerial insectivores (Fenton
1990), it is often unequally distributed across the landscape. The distribution and
abundance of insects is one of the main factors affecting distribution and habitat-use
patterns of temperate insectivorous bats (Black 1974, Grindal & Brigham 1999, Hayes
1997, Holloway & Barclay 2000, O'Donnell 2000, Racey & Swift 1985).
Roosts may be a more limited resource than prey for bats because they are
patchily distributed across the landscape, and bats often have specific roosting
preferences (Humphrey 1975). Tree cavity/bark and foliage roosting bats switch roosts
often, a factor correlated with roost permanence and availability (Brigham 1991, Lewis
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1995). Roost availability may have a more profound effect on bat distribution,
abundance and foraging than prey availability.
Partitioning of foraging (prey) and roosting resources among bat species may be
due to differences in morphology and foraging strategy because not all habitats are
equally accessible to all species. In the case of morphologically similar, sympatric
species, competition may lead to resource partitioning (Patterson et al. 2003).
Territoriality and temporary shifts in activity and diet occur among bats, suggesting
interspecific competition (Barclay 1984, Reith 1980, Whitaker et al. 1981 ). However,
recent studies that have directly studied resource partitioning of prey among similar bat
species found little or no evidence for competition (Arlettaz et al. 2000, Arlettaz et al.
1997). Perhaps small differences in the abilities of bats to exploit certain foraging
habitats do not translate into measurable differences. Alternatively, if roosts are more
limited than prey, then competition for roosts may be more likely.
Climatic variables such as temperature and precipitation can affect bat foraging
activity patterns (Grindal et al. 1992, Holloway & Barclay 2000, O'Donnell 2000,
Vaughan et al. 1997a, Walsh & Mayle 1991), because insect activity decreases with
decreasing temperature and increasing precipitation. Increased elevation is often
associated with a decrease in bat diversity, abundance and activity (Cryan et al. 2000,
Fenton et al. 1980, Grindal et al. 1999, Kellner 1999), probably because of cooler
temperatures.
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Foraging Habitat Use in Forests
Both wing morphology and echolocation call-design influence a bat's ability to
deal with structural complexity. For the purpose of this study, I define structural
complexity/clutter as any obstacle to a flying bat that also produces echoes that may
interfere with detection of echoes from a prey target. When foraging, bats must both
avoid obstacles, and discern between echoes from prey and echoes from surrounding
clutter (Fenton 1990). As structural complexity of a habitat increases, the
manoeuvrability and agility required to navigate through it also increases. In addition,
echolocation call design must change to decrease the problem of outgoing pulses
overlapping with incoming echoes (Fenton 1990). Comparative studies have revealed
that for foraging bats, degree of structural complexity is the most important ecological
constraint (Schnitzler & Kalko 2001 ).
The majority of the world's bat species are associated with forest habitats.
Several attributes of forests influence their structural complexity, including stand
composition, stage (age) and development pattern. Tree species vary in their crown
shape and general growth patterns (Oliver & Larson 1990), so they present variability in
the structural complexity of a stand, both horizontally and vertically. Bat habitat-use
varies with stand species composition, sometimes through vertical stratification (Hecker
& Brigham 1999, Jung et al. 1999, Kalcounis et al. 1999, Krusic et al. 1996, Patriquin

2001 ). In general, young forests are dense and relatively homogeneous, thus presenting
great amounts of clutter to bats, while older forests have more open canopies and
heterogeneous structure (Oliver & Larson 1990). Bat activity is often greater in mature
or old growth forests than in younger stands (Crampton & Barclay 1998, Thomas 1988),
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likely due to more heterogeneity and open spaces, combined with a higher density of
suitable roosts. Several studies have found that roost trees of bats are usually in
intermediate stages of decay and most often taller, of larger diameter, and lower in
percent canopy closure than random trees (Brigham et al. 1997b, Crampton & Barclay
1998, Kellner 1999, Vonhof & Barclay 1996, Waldien et al. 2000). These types of trees
are most often associated with older forests (Oliver & Larson 1990).
Various systems of classifying ecosystems that incorporate multiple variables
(such as climate, stand structure and species composition) have been developed across
North America (Morrison et al. 1998). For example, biogeoclimatic ecosystem
classification (BEC), developed by V.J. Krajina in the 1950's, integrates climate, soil and
vegetation data to classify the various ecosystems of British Columbia (Meidinger &
Pojar 1991). It is the system upon which the province's forestry industry relies.
The Skagit watershed is a unique transition zone between coastal and interior
biogeoclimatic ecosystems, where plants and animals associated with one ecosystem or
the other inhabit the same locale (Green & Klinka 1994). Little is known about the
diversity, abundance and habitat requirements of bats in this transition zone, although 13
species are potentially found there, four of which are considered endangered or
threatened (Lasiurus blossevilli, Myotis keenii, M thysanodes and Corynorhinus
townsendii) , and two more of which are of special conservation concern (Lasiurus
cinereus and Lasiony cteris noctivagans) in the province (British Columbia Ministry of

Sustainable Resource Management and Ministry of Water Land and Air Protection 2004).
A previous netting/trapping inventory of bats in the study area was conducted in August
1993 (Firman & Barclay 1993 ), but there has been no detailed work done regarding bat
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habitat use in the area. A large portion of the Skagit watershed in Canada occurs within
two provincial parks, providing the opportunity to study bat habitat use in a landscape
relatively unaffected by human disturbance. Only a few other intensive studies of bat
habitat use in British Columbia (both of which occurred on Vancouver Island) have
specifically compared activity among different biogeoclimatic zones (Kellner 1999, van
den Driessche et al. 1999).
The main objectives of my M.Sc. research were to: 1) determine factors
associated with community structure and habitat use by bats in the northern Skagit
watershed, and 2) relate patterns of habitat use by individual species or species' groups to
their morphology, echolocation-call design and foraging strategy. To meet these
objectives, my research focused on the summer activity of bats in forests of different
biogeoclimatic zones and ages within the northern Skagit watershed using a combination
of methods.
In Chapter 2, I present results regarding the diversity and distribution of bat
species in the Skagit watershed, in relation to biogeoclimatic ecosystem zones, obtained
by mistnetting bats. In Chapter 3, I compare activity levels for individual bat species and
species' groups among different habitat types using remote ultrasonic detection. I discuss
habitat use by bats in the context of their known wing and echolocation-call morphology.
In Chapter 4, I synthesize the results and conclusions from Chapters 2 and 3. The results
of this work will increase understanding of bat habitat-use in terms of specific forest
attributes, and may provide information that can be incorporated into forest and land
management plans to ensure that bats remain an integral part of forest ecosystems.

8

Methods of Studying Bat Habitat Use
Habitat use by temperate insectivorous bats is difficult to study because bats are
nocturnal, small, and usually roost in cryptic locations. As a result, several methods have
been adapted to study bat habitat use, including mistnetting/harptrapping, light-tagging,
radio-telemetry, handheld or remote ultrasonic detection, night-vision goggles, thermal
imaging cameras, and Doppler radar (Horn et al. 2000, Kunz 1988, 2000, Kunz & Brock
1975, Tuttle 1974). Each method comes with a particular bias, so a combination of
complementary techniques provides more conclusive results.
Mistnetting is biased towards certain bat species. For example, high-flying
species are often under represented (Kunz & Kurta 1988). Studies using remote or
handheld ultrasonic detectors can answer questions about use of particular habitats and
their importance to commuting versus foraging bats through the monitoring of bat
echolocation activity. The use of ultrasonic detectors is prone to bias (e.g. unequal
detectability among species and habitats (Parsons et al. 2000, Patriquin et al. 2003),
effects of atmospheric pressure, humidity, temperature, battery voltage and variation
among detectors on their zone of reception (Livengood et al. 2001 ), and the inability to
distinguish between the same individual versus several individuals (O'Farrell & Gannon
1999)). However, when used properly and for the appropriate questions, ultrasonic
detectors can provide a reasonable index of bat activity (and therefore habitat use, Hayes
1997, Hayes 2000).

9
Study Area

My study took place primarily in the Skagit watershed in southwestern British
Columbia, with some sites located in the adjacent Fraser River watershed. The Skagit
river originates in British Columbia and flows south into the USA, where it is dammed,
producing the Ross Lake Reservoir. The Ross Dam was built in 193 7, and the present
reservoir water levels were established in the late 1960' s (Hamilton et al. 1999). The
majority of the Skagit watershed in Canada occurs in Skagit Valley Provincial Park
(49°00' - 49°12' N, 121 °00' - 121 ° 15' W), portions of EC Manning Provincial Park
(49°00' -49° 15' N, 120°40' - 121 °00' W), the Cascade Recreation Area (49°17' N,
120°57' W), and some provincial crown land that is the operating area oflnternational
Forest Products. The elevation of the study area ranges from 460 - 1690 m asl. Climate
is variable depending on the biogeoclimatic zone (Green and Klinka 1994, Table 1.1 ).
My study area consisted of four main biogeoclimatic subzones: Interior Douglas-fir wet
warm (IDFww) referred to hereafter as IDF, Coastal Western Hemlock southern dry
submaritime variant (CWHdsl), Coastal Western Hemlock southern moist submaritime
variant (CWHms 1), and Engelmann Spruce-Subalpine Fir moist warm (ESSFmw),
referred to hereafter as ESSF. The CWHmsl is slightly higher in elevation and therefore,
slightly cooler than the CWHdsl subzone. For the purpose of this study, I combined sites
from both subzones into the CWH.
Study Species

The bat community in the Skagit watershed is comprised of ten species, based on
identification from captures and remote detection in my study. These species differ in
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their morphology and echolocation-call structure and may therefore use different
foraging strategies (and habitats). Because my thesis focuses on individual species or
species' groups, I provide a brief introduction to each species, including wing
morphology and search-phase echolocation-call type, general foraging strategy, foraging
habitat and diet (see also Table 1.2).
Genetic evidence from wing biopsy punches indicates that the Western Longeared Myotis, Myotis evotis, and Keen's Long-eared Myotis, M keenii are present in the
Skagit (T. Dewey, pers. comm.). While I provide descriptions of both species below, I
have combined them as M evotis for the remainder of my thesis. They are
indistinguishable by external morphology and echolocation call. I did not capture three
other potential species in the Skagit, the Western Red Bat, Lasiurus blossevillii, the
Western Small-footed Myotis, M ciliolabrum, and the Fringed Myotis, M thysanodes.

Corynorhinus townsendii
Townsend's Big-eared Bat, Corynorhinus townsendii, is medium-sized and ranges
from sea level to 1070 m, although it is most often associated with low elevations
(Nagorsen & Brigham 1993). This bat has very large ears, and relatively low wing
loading and aspect ratio (Kunz & Martin 1982, Norberg & Rayner 1987). The
echolocation of C. townsendii is broadband (FM) and low intensity, allowing for
discrimination between target and background noise at close range (Kunz & Martin
1982). C. townsendii is highly manoeuvrable and agile, flies close to vegetation while
aerially hawking insects, and may glean insects from surfaces (Fellers & Pierson 2002,
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Kunz & Martin 1982). It eats mainly small lepidopterans but also Neuroptera,
Coleoptera, Diptera and Hymenoptera (Kunz & Martin 1982).

Eptesicus fuscus
The Big Brown Bat, Eptesicus fuscus, is one of Canada's larger and most
common bats, and in British Columbia is found from sea level to 1070 m (Nagorsen &
Brigham 1993). E. fuscus has a relatively high wing loading and a high aspect ratio
(Norberg & Rayner 1987). It has high intensity FM calls of relatively long duration that
may or may not contain a short constant frequency segment (Kazial et al. 2001, Masters

et al. 1995). E. fuscus forages in a variety of open situations above and around the
canopy of both coniferous and deciduous forests and high over water, roads and clearings
(Brigham 1991, Brigham & Fenton 1991, Fenton et al. 1980, Reith 1980, Whitaker et al.
1981 ). The diet of E. fuscus most often includes Coleoptera and Lepidoptera (Whitaker

et al. 1977).
Lasiurus cinereus
The Hoary Bat, Lasiurus cinereus, is Canada's largest species and is found from
sea level to 1250 m (Nagorsen & Brigham 1993). This migratory bat has both high wing
loading and high aspect ratio (Norberg & Rayner 1987), and its flight is fast and direct
(Barclay 1985). The search phase echolocation calls of L. cinereus are of high intensity,
long duration and low frequency, making them well suited to detecting large insects at
long distances (Barclay 1986). Their low-frequency calls easily distinguish them
acoustically from other bat species in Canada (Barclay 1986). In mainland North
America, this foliage-roosting bat forages high in open areas and above the tree canopy
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(Barclay 1984, Fenton et al. 1980). A diet mainly of large insects (Lepidoptera,
Odonata and Coleoptera) was reported for L. cinereus in Manitoba (Barclay 1985).

Lasionycteris noctivagans
The Silver-haired bat, Lasionycteris noctivagans is a medium sized bat associated
both with forests and grassland ecosystems from sea level to 1220 m (Nagorsen &
Brigham 1993). Although it is considered a migratory species, populations of this bat in
British Columbia may not migrate (Nagorsen & Brigham 1993). L. noctivagans has a
relatively low wing loading and an average aspect ratio, thus it has the ability to fly
slowly, and is manoeuvrable for its size (Barclay 1985, Norberg & Rayner 1987). The
echolocation call of L. noctivagans is shallow FM (Barclay 1986). The morphology and
echolocation of L. noctivagans indicate an adaptation for short-range prey detection, a
foraging strategy intermediate to that of the large, fast-flying L. cinereus and the small,
slow-flying, maneuverable Myotis species (Barclay 1985, 1986, Whitaker et al. 1977). L.

noctivagans forages high above the ground, in and near coniferous and mixed deciduous
forests, and adjacent to water bodies (Brigham 1991, Brigham & Fenton 1991, Kunz
1982, Reith 1980). Its diet is varied, and may include dipterans and other small insects,
and lepidopterans (Kunz 1982, Whitaker et al. 1977). L. noctivagans sometimes forages
on insect swarms (Barclay 1985).

Bats of the genus Myotis
Nine of the 16 bat species in British Columbia belong to the genus Myotis
(Nagorsen & Brigham 1993). They are small bats with low aspect ratio and low wing
loading (Norberg & Rayner 1987). Myotis species in my study area have short,
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broadband search-phase echolocation calls, characterized by a steep, downward FM
sweep. These calls are well suited for short-range prey detection (1-5 m) either in open
or closed situations. The duration, frequency characteristics and shape of the calls vary
among species, but intraspecific variation also exists, making these species acoustically
difficult to distinguish (Thomas et al. 1987).

Myotis californicus
The California Myotis, M californicus, is a small bat that ranges from sea level to
1280 m elevation in British Columbia (Nagorsen & Brigham 1993). The FM
echolocation calls curve smoothly to a shallower sweep (Fenton et al. 1983). This
maneuverable species has slow, erratic flight and forages both in and around trees, from
ground up to canopy level, and low over and near water bodies. It has been observed
feeding on insect swarms (Barbour & Davis 1969, Fenton & Bell 1979, Fenton et al.
1980, Nagorsen & Brigham 1993). The diet of M californicus consists mainly of
Diptera, Lepidoptera, Trichoptera and Coleoptera (Fenton & Bell 1979, Nagorsen &
Brigham 1993, Whitaker et al. 1981, Whitaker et al. 1977).

Myotis evotis
The Western Long-eared Myotis, M evotis has long ears with sharply pointed
tragi, and is one of the larger species of Myotis in Canada. The elevational range of this
bat in British Columbia is sea level to 1220 m in the Cascades (Nagorsen & Brigham
1993), although it lives and reproduces at higher elevations in the Rocky Mountains of
Alberta (Barclay 1991). The FM sweep of M evotis is very steep (Fenton et al. 1983,
Manning & Knox Jones Jr. 1989). M evotis forages among trees within forests and along
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forest paths, and captures insects both by aerial hawking and by gleaning (Barclay
1991, Whitaker et al. 1977). Faure (1992) found that when gleaning, M evotis listened
for prey-generated sounds to locate insects. Lepidoptera are the main prey, with Diptera,
Araneida, Coleoptera and Hymenoptera also consumed (Barclay 1991, Whitaker et al.
1977).
Myotis keenii

Keen's Long-eared Myotis, M keenii, is primarily associated with the coastal
Pacific Northwest. It is externally indistinguishable from M evotis, and its foraging style
and echolocation-call morphology are very similar (Nagorsen & Brigham 1993, Norberg
& Rayner 1987). On Hot Spring Island, BC, M keenii forages over hot-spring pools and
clearings, high along forest edges and within the tree canopy, where the diet is assumed
to be mainly Lepidoptera and other insects (Nagorsen & Brigham 1993).
Myotis lucifugus

The Little Brown Bat, M lucifugus, a medium-sized Myotis, occupies a wider
range of habitats (arid grasslands, coastal, interior and northern forests) and elevations (0
- 2288 m) than any other species in British Columbia (Nagorsen & Brigham 1993). The
external morphology of M lucifugus is similar to that of the sympatric M yumanensis,
and it is difficult to distinguish between the two in certain parts of their range (Nagorsen
& Brigham 1993). This species often forages low over water surfaces, capturing
hatching aquatic insects, but is also found foraging among trees and along edges of both
coniferous and deciduous forests, hawking insects from the air (Whitaker et al. 1977,
1981, Fenton and Bell 1979, Fenton and Barclay 1980, Fenton et al. 1980, Barclay 1991).
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M lucifugus eats mainly Diptera and Trichoptera, but also Lepidoptera and Coleoptera
(Anthony & Kunz 1977, Barclay 1991, Belwood & Fenton 1976, Fenton et al. 1980,
Whitaker et al. 1977).

Myotis volans
The Long-legged Myotis, M volans, is one of largest Myotis species in BC, and is
found from sea level to 1037 m, in arid rangeland to humid coastal and montane forests
(Nagorsen & Brigham 1993). M volans has a higher wing loading than most Myotis in
Canada (Norberg & Rayner 1987), and is described as a fast, purposeful flier that forages
both above and below the forest canopy of mainly coniferous forests, sometimes preying
on insect swarms (Fenton & Bell 1979, Fenton et al. 1980, Warner & Czaplewski 1984,
Whitaker et al. 1977). The echolocation call sweeps from steep to shallow and is longer
than those of other Myotis (Fenton & Bell 1979, Fenton et al. 1983). The diet of M

volans is mainly small Lepidoptera, Diptera and some Homoptera (Fenton & Bell 1979,
Whitaker et al. 1981 ).

Myotis yumanensis
The Yuma Myotis, M yumanensis, is a medium-sized Myotis found from sea
level to 730 m in British Columbia. It inhabits both coastal and interior coniferous
forests and arid grasslands (Nagorsen & Brigham 1993). M yumanensis was more
maneuverable than the sympatric M lucifugus in a comparative study (Aldridge 1986).
The search-phase echolocation call of M yumanensis has a steep FM sweep similar to
that of M lucifugus, but its call is slightly higher in frequency (Herd & Fenton 1983). M

yumanensis forages mainly over water, and its diet consists of Trichoptera, Diptera, and
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Ephemeroptera with some Lepidoptera (Fenton et al. 1980, Herd & Fenton 1983,
Whitaker et al. 1981, Whitaker et al. 1977).

Table 1.1. Climatic characteristics of the four main biogeoclimatic zones within the northern Skagit watershed
study area. Information from Green and Klinka (1994).
IDFww

CWHdsl

CWHmsl

ESSFmw

470-685

460-735

460 - 1145

1150- 1690

Annual precipitation (mm)

1198

1187

1415

1524

May-September precipitation (mm)

176

224

265

288

Mean annual temperature (°C)

9.2

7.2

5.7

1.8

Mean temperature of warmest month (°C)

20.4

18.7

15.3

12.1

Frost free period (days)

204

150

116

32

warm, dry

warm, dry

cool, dry

cool

Elevational range (m) *

Summers (temp, moisture)

* Elevational ranges are from capture and remote detection data from my study.

Table 1.2. Bat species in the Skagit watershed, ranked from least to most manoeuvrable (although differences in manoeuvrability
among Myotis are likely small). Mass from Nagorsen and Brigham (1993) is indicated with an asterisk; otherwise measurements are
from my data. Aspect ratio and wing loading values are from Norberg and Rayner (1987). The following abbreviations have been
used: AH (aerial hawking), G (gleaning).
Species

Lasiurus
cinereus
Eptesicus
fuscus
Lasionycteris
noctivagans
Corynorhinus
townsendii
Myotis
volans
Myotis
lucifugus
Myotis
yumanensis
Myotis
californicus
Myotis
keenii
Myotis
evotis

Mass
(g)

Aspect
Ratio

Wing
Loading
(N/m2)

28.4*

8.1

16.5

15.2*

6.4

9.4

9.0*

6.6

8.2

8.6*

5.9

7.2

7.5

5.8

8.3

6.1

6.0

7.5

5.3

6.3

7.8

4.9

5.6

4.8

5.1 *

5.8

6.8

6.5

6.0

6.1

Flight Style
not manoeuvrable
fast
manoeuvrable
fast
manoeuvrable
fast or slow
very manoeuvrable
fast or slow
very manoeuvrable
fast or slow
very manoeuvrable
fast or slow
very manoeuvrable
fast or slow
very manoeuvrable
slow
very manoeuvrable
slow
very manoeuvrable
slow

Foraging
Type

Foraging
Height

AH

high

AH

high

AH

high

AH&G

low

AH

low or high

AH

low

AH

low

AH

low

AH&G

low

AH&G

low

Foraging Location
open areas,
above canopy
open areas,
above canopy
canopy level,
open water
forest edges
in/above forests,
clearings, cliffs
low over water,
forests, trails
low over water,
forests, edges
in/over forests
low over water, trails
among trees,
clearings, trails
among trees,
edges, trails
.......

00
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CHAPTER TWO
STRUCTURE OF THE BAT COMMUNITY IN THE SKAGIT WATERSHED
Introduction

The main factors affecting the distribution of animals are environmental
conditions, resources, and competition for those resources, and bats are no exception
(McNab 1982). Bat diversity and distribution, as well as the structure of local bat
communities are all strongly influenced by environmental conditions, prey and roost
availability (Findley 1993, Humphrey 1975, Kalko et al. 1996), and resource competition
(Husar 1976), although the latter has been difficult to elucidate (Arlettaz et al. 2000,
Arlettaz et al. 1997, Patterson et al. 2003). Environmental variability not only influences
the distribution and availability of resources, it may obscure mechanisms (such as
competition) that otherwise may play a deterministic role in bat community structure
(Patterson et al. 2003). Therefore, an understanding of the effects of the environment
should be incorporated into community-level studies.
On a global scale, latitude largely determines species diversity and ecological
diversity, and this also holds true for bats (Willig & Selcer 1989). The tropics have much
higher primary productivity due to increased light intensity, temperature and growing
season compared to higher latitudes. On Barro Colorado Island in Panama (9°09' N, 79°
51' W), the bat community consists of at least 66 species (from eight families) and
includes insectivores, frugivores, nectarivores, sanguivores and carnivores (Kalko et al.
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1996). The whole of Canada boasts only 18 species of bats (from one family), all of
which are insectivorous (van Zyll de Jong 1985).
On a local scale, climate and elevation play a role in determining bat community
structure. Increased elevation, like latitude, is often associated with a decrease in bat
diversity, abundance and activity (Cryan et al. 2000, Fenton et al. 1980, Graham 1983,
Grindal et al. 1999, Kellner 1999), probably because of cooler temperatures, and related
decreases in prey availability. Some species, such as the little brown bat, M lucifugus,
are flexible in the range of elevations they occupy (Fenton & Barclay 1980), whereas
others are more restricted (i. e. lowland species such as M yumanensis, N agorsen and
Brigham 1993). Adverse climatic conditions, such as cool temperatures and high
precipitation limit the species that are able to occupy an area, affect food supply, and
influence reproduction, by delaying gestation.
Climate and elevation also affect population structure of individual bat species.
In temperate insectivorous bats, males and females spend the summer apart, and they
may even occupy completely different geographic ranges (Barclay 1991, Cryan 2003 ).
Temperate-zone bats must consume large quantities of prey to satisfy the high energydemands associated with being small, volant and bound for winter hibernation (or
migration in a minority of species, Thomas 1988, Barclay 1991 ). Reproductive female
bats have even greater energy requirements (Reynolds & Kunz 1999).
Depending on their individual thermoregulatory strategies, bats may choose to
occupy particular local climes. Thermoregulatory constraints are greater for reproductive
female ba_ts than for males or non-reproductive females (Grinevitch et al. 1995, Hamilton
& Barclay 1994). Reproductive females of many species roost together in warm
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maternity roosts that allow maintenance of higher body temperatures, preventing
prolonged gestation and delayed parturition (Racey 1973). Maternity roosts are most
often located in warm locations, such as valley bottoms and areas within rain shadows
(Thomas 1988). In contrast, male (and presumably non-reproductive female) bats roost
singly or in small groups, and can take advantage of torpor more often (i. e. in inclement
weather, during low prey availability, or to accumulate winter fat reserves (Barclay
1991). They may choose to roost in cooler locations where torpor use is facilitated. Two
recent studies found higher numbers of reproductive female bats at low elevations, while
males and non-reproductive females inhabited higher elevations (Cryan et al. 2000,
Grindal et al. 1999).
In British Columbia, environmental variability in climate and elevation (as well as
soil and vegetation) are integrated into biogeoclimatic ecosystem classification (BEC)
(Meidinger & Poj ar 1991 ). The northern Skagit watershed in southwestern British
Columbia is a unique transition zone between coastal and interior ecosystems, where
plants and animals associated with one ecosystem or the other inhabit the same locale
(Green & Klinka 1994). The main biogeoclimatic subzones in the northern Skagit
watershed are: Interior Douglas-fir (IDF), Coastal Western Hemlock (CWH), and
Engelmann Spruce-Subalpine Fir (ESSF) (see Chapter 1 for details). Based on provincial
range maps (Nagorsen & Brigham 1993) and a previous inventory in August 1993
(Firman & Barclay 1993), the local bat community potentially consists of 13 species.
To document the structure of bat populations, information on sex, age and
reproductive condition is required, and this necessitates capture of individuals, either
from a known roost site or via mistnetting and/or harptrapping (Kunz & Kurta 1988,
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Tuttle 1974). Both netting and trapping are ground-based, and therefore biased
towards certain bat species. For example, high-flying species are often under
represented, and some species may be able to detect and avoid nets/traps more easily than
others (Kunz & Kurta 1988). In addition, pregnant female bats, being less manoeuvrable,
may be more easily captured than other members of a population (Audet 1990).
The objective of my study was to determine the structure of the bat population of
the northern Skagit watershed in southwestem British Columbia in relation to
environmental variation. I used mistnetting to determine diversity and distribution of bat
species across the IDF, CWH and ESSF biogeoclimatic ecosystem zones. I predicted that
bat diversity would be greatest in the warmer, lower elevation IDF and lowest in the
cooler, higher elevation ESSF. I also expected that reproductive female bats would be
more abundant at lower elevations (IDF) while males and non-reproductive females
would constitute the majority of bats found at higher elevations (ESSF).

Materials and Methods
I conducted all fieldwork during the period of peak bat activity (mid-May to the
end of August) in 2000 and 2001. To determine the species and reproductive status of
bats in the three main biogeoclimatic zones in the study area, I captured bats using
mistnets placed over potential foraging and drinking areas, or along flyways used by
commuting bats (e.g. roads and trails). I ensured that netting nights in the three
ecosystem zones were spread across all months of the study period. In 2000, I conducted
22 nights of netting, and in 2001, I completed 35 nights of netting. Netting began at dusk
and continued for at least two hours. I checked nets every ten minutes, removed captured
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bats and held them in cloth bags for one hour to ensure passage of feces and a more
accurate measurement of mass. I recorded the following information: species, sex, age,
reproductive condition, mass (to the nearest 0.1 g using a Pesola spring scale) and
forearm length (to the nearest 0.05 mm using calipers). Bats were classified as juvenile
or adult depending on the degree of epiphyseal-diaphyseal fusion in the fourth metacarpal
(Anthony 1988). I determined sex and reproductive condition of female and male bats
(Racey 1988). Pregnancy was determined by mass and palpation of the abdomen. I
confirmed lactation by expressing milk from the nipple. I classified female bats as one of
the following: not obviously pregnant (NOP), pregnant (P), lactating (L), post-lactating
(PL), non-reproductive (NR) or juvenile (J). A female bat was classified as NOP if it was
too early in the season to tell if she was pregnant. Once the first lactating female of the
season was captured, I classified female bats as NR if there was no sign of reproduction.
Male bats were classified as either adult (A) or juvenile (J). When I had taken all
morphological measurements, I released bats at the capture site.
At each netting site, I measured ambient air temperature 30 minutes after sunset.
I determined netting effort as the number of minutes that each net was open and
calculated the total number of net-minutes for each night. Elevation of each netting site
was determined using a combination of maps, a GARMIN® GPS 76 unit (GARMIN
International, Olathe, Kansas), and an altimeter. The altimeter was set each morning at a
reference location of known elevation. The GPS unit had to receive at least four satellites
before an elevation could be reported (GARMIN Corporation 2001 ). If the GPS unit
supplied an elevation that was in the expected range based on the location, I averaged
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values from the map, GPS unit and altimeter. Otherwise, I only averaged the
elevations from the map and altimeter.
Data Analysis

I created a dichotomous dependent variable (0 = no bat captured, and 1 = at least
one bat captured on a particular night). I analyzed these binomial data using generalized
linear models (McCullagh and Nelder 1989, PROC GENMOD, SAS v. 8.01, SAS
Institute Inc., 2000) to consider the effect of year and ecosystem zone on the presence or
absence of bats. A linear relationship between the probability of bats being captured and
the independent variables was attained using a lo git transformation. Number of netminutes was always retained as a covariate in the model (regardless of its statistical
significance) to account for variation in netting effort.
In all analyses of bat captures, I included as many interaction terms as each model
would allow, given the intensity of replication. I then used backwards, stepwise
elimination to remove non-significant interaction terms and covariates (except netting
effort) from the various models. I used a= 0.05 for all analyses unless otherwise
specified. When significant main effects or interactions were found in the analyses of bat
activity and bat presence, I used a posteriori comparisons, adjusting Type I error rates for
each comparison using the Dunn-Sidak method (Kirk 1995).
I first conducted analysis for all bat species together as a group to look at how
year and ecosystem zone affected species' composition. Then, I performed the analysis
on individual species or species groups. Each analysis was done for both sexes together,
reproductive females alone, and non-reproductive females and males together. I assumed
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that because non-reproductive females do not have the same energy demands as
reproductive females, they should behave in a similar manner to males in terms of their
habitat use (Grinevitch et al. 1995, Hamilton & Barclay 1994).
I conducted each analysis in two ways. First, year and ecosystem zone were
included as categorical variables, with number of net-minutes and ambient temperature as
covariates. In an alternative analysis, I used elevation as a covariate, rather than the
categorical variable, ecosystem zone, to determine if elevation was the aspect of
ecosystem zone that was contributing to an effect on the probability of capture. Elevation
had a significant effect only for M californicus, so results for this alternative analysis are
only reported for that species. I conducted these analyses for all bat species together, M

californicus, M evotis, M lucifugus and M volans. I captured too few individuals of the
species of large bats or M yumanensis for this type of analysis.
Results
Bat netting sites are displayed by ecosystem zone in Figure 2.1. Capture locations
occurred over a range of elevations (Fig. 2.2). In 2000, I captured 65 bats during 22
nights or 272 netting hours of sampling (0.24 bats per net-hour). In 2001, I caught 90
bats during 35 nights or 462 net hours (0.19 bats per net-hour). Netting effort was not
similar across ecosystem zone; however, capture rates were relatively similar. I captured
87 bats during 426 net hours in the interior Douglas-fir zone (0.20 bats per net-hour). In
the CWH, I captured 3 7 bats during 192 net-hours (0.19 bats per net-hour), and in the
ESSF, I captured 31 bats during 116 netting hours (0.27 bats per net-hour).
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Species oflarge bats (C. townsendii (n=l), E. fuscus (n=l) and L. noctivagans
(n=2)) comprised 2% of captures for both years combined. The remaining 98% of
captures were from the genus Myotis (including 38% M californicus, 31 % M lucifugus,
12% M volans, 7% M evotis and 4% M yumanensis). The remaining 6% of captured
bats could not be morphologically distinguished as either M lucifugus or M yumanensis,
and were excluded from statistical analysis. Species composition of captured bats varied
with ecosystem zone (Fig. 2.3). M californicus, M volans and M yumanensis were
more commonly captured in the lower elevation IDF, while M evotis and M lucifugus
were more common in the higher elevation ESSF. No juvenile bats were captured during
this two-year study.
Of 155 bat captures, 99 were females and 56 were males, differing significantly
from a 1: 1 ratio (;l1 = 11.93, P < 0.05). When examined across ecosystem zone, the ratio
2

of females to males did not differ significantly (x 2 = 2.99, P > 0.05). The sex ratio of the
most commonly captured species, M californicus, also differed significantly from 1: 1

(x\ = 10.90, P < 0.05), again with more than twice as many females (n=44) as males
(n=18).
Excluding female bats that were not obviously pregnant (NOP; n=41), 67% of
captured females (n=58) were reproductive. Although a greater proportion of females
(excluding NOP females) were reproductive in 2001 (74%) than in 2000 (56%), these
proportions were not significantly different between years (x2 1 = 1.20, P > 0.05). The
proportion of female bats that were reproductive did not differ across ecosystem zone (x22
= 3.45, P > 0.05; Fig. 2.4). M californicus comprised a large proportion ofreproductive
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females in both the IDF (67%) and CWH (80%), while in the ESSF, 63% of
reproductive females were M lucifugus.
In all analyses of bat captures, ambient temperature was always non-significant,
so it was removed from all final models. Once variation in netting effort was accounted
for, there was a significant effect of ecosystem zone on the probability of capturing M
californicus (Table 2.1 ), with a significantly lower chance of capturing this species in the
ESSF than in IDF

(x\, P < 0.05).

As a result, the probability of capture decreased with

increased elevation for M californicus (x\ P < 0.05). I only caught one M californicus
(a lactating female) in the ESSF. The probability of capturing reproductive female M
californicus was significantly lower in 2000 than in 2001 (Table 2.1 ). Overall, ecosystem
zone had a significant effect on the chance of capturing M evotis males and nonreproductive females. The probability of capture was lowest in the IDF and highest in the
ESSF, but there was no significant difference among ecosystem zones in post hoe
comparisons with an adjusted alpha value. There was no effect of ecosystem zone on the
probability of capturing M lucifugus. In 2000, however, there were lower odds of
capturing males and non-reproductive females of this species (Table 2.1 ).
Discussion

The structure of the bat community of the northern Skagit watershed varied with
environment; however, patterns of bat species diversity, distribution and reproductive
class were not affected in a predictable manner. There was no consistent effect of
weather on bat captures, as evidenced by a lower probability of capturing reproductive
female M californicus, but a lower probability of capturing non-reproductive female and
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male M lucifugus in 2000. A slightly (not significantly) greater proportion of captured
females were reproductive in 2001 than in 2000. If the spring of 2000 were cooler and
wetter in the Skagit, reproductive rates may have been affected. Rain can reduce prey
abundance, interfere with echolocation of prey, and add costs to maintenance of
homeothermy in wet conditions, and may therefore lead female bats to resorb embryos or
abort foetuses (Grindal et al. 1992).
Overall bat capture rates in my study were slightly higher than, but comparable to,
those achieved by an earlier inventory of the Skagit river watershed (Firman & Barclay
1993), and a study at a similar latitude in southeastern British Columbia (Grindal et al.
1999). I captured eight ( or nine) of the 13 potential species in the area. Both M evotis
and M keenii may be found in the area based on preliminary genetic analysis (T. Dewey,
pers. comm.). Although M ciliolabrum was reported in the Skagit watershed in a
previous inventory (Firman & Barclay 1993), I did not capture individuals of this species.
Based on my capture numbers, I believe that I would have captured M ciliolabrum if it
were present in the Skagit. As M californicus and M ciliolabrum are difficult to tell
apart, I believe that M californicus was misidentified as M ciliolabrum in the previous
inventory. It is likely that the range of M ciliolabrum, a lowland, dry habitat species
(Holloway & Barclay 2001), does not extend into the coastal-interior transition zone of
the Skagit watershed. I did not capture the Fringed Myotis, M thysanodes, but it is
conceivable that this species is present in the area, based on its known range and habitat.
The Western Red Bat, Lasiurus blossevillii was not among my captures. The one report
of this species in the Skagit in 1905 (Nagorsen & Brigham 1993) likely represents an
accidental occurrence in the province.
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Flight behaviour and differential habitat use by bat species in an area affect
capture ability (Carroll et al. 2002, Kunz & Kurta 1988). High-flying species such as E.

fuscus and L. cinereus (Fenton & Bell. 1979, van Zyll de Jong 1985) are less likely to be
captured by ground-based mistnets, a trend that was reflected in my study, as L. cinereus
was detected using ultrasonic detectors (see Ch. 3). The large number of M californicus
and M lucifugus I caught may be related either to larger population numbers in the area,
or bias towards these species because my netting sites coincided with their preferred
foraging locations. M lucifugus prefers to forage low over water (Barclay 1991, Fenton
& Bell 1979, Fenton et al. 1980), whereas M californicus forages around water bodies,
along trails, and close to vegetation (Nagorsen & Brigham 1993, van Zyll de Jong 1985),
sites types which formed the majority of my netting locations. M lucifugus was the most
commonly captured species over water, and M californicus was the most commonly
captured bat on roads and trails that bisected deciduous forests such as black cottonwood,

Populus balsamifera trichocarpa, and red alder, Alnus rubra.
Elevation affects bat species diversity and overall population numbers, related in
large part to decreased temperature and prey density at higher elevation (Graham 1983,
Owen 1990). Contrary to my original predictions, there was no decrease in species
diversity with increased elevation. All five Myotis species captured in this study were
present in all ecosystem zones. Although I captured E. fuscus, C. townsendii and L.

noctivagans in the IDF, only L. noctivagans in the CWH, and no large species of bats in
the ESSF, I detected the larger species in all zones (see Chapter 3).
Bat species' composition changed with elevation. M lucifugus and M evotis are
commonly found at higher elevations (Barclay 1991, Fenton & Barclay 1980). For M
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evotis, this was further confirmed by analysis. Ecosystem zone, which incorporates
elevation, had an effect on the probability of capturing male and non-reproductive female

M evotis. In addition, the probability of capturing M californicus was higher at lower
elevations, despite this species being common at a wide range of elevations (Fenton et al.
1980, Nagorsen and Brigham 1993, Kellner 1999). Although M yumanensis is
considered to be a lowland species (Fenton et al. 1980), no support for this was found.
Not only can elevation affect species composition, but it also may play a role in
sexual and reproductive partitioning by bats, due to different thermoregulatory strategies
and resource availability. Reproductive females are often less common or absent at high
elevations (Cryan et al. 2000, Grindal et al. 1999, Kellner 1999, Russo 2002, Thomas
1988). There are lower thermoregulatory costs for female bats reproducing at lower
elevations (Barclay 1991 ), gestation and parturition are less likely to be delayed (Racey
1973), and prey availability is often greater (O'Donnell 2000), meaning shorter commutes
to foraging sites and shorter foraging times.
Contrary to the literature and to my predictions, I did not observe fewer
reproductive females at higher elevations. In fact, there were more females than males at
my higher elevation sites, and most of them were reproductive M lucifugus. If my
sample size for other species at high elevation sites had been greater, I could have
excluded M lucifugus from analysis, and perhaps observed the differences reported
elsewhere. Although I have no direct evidence, many of the M lucifugus may have
roosted in buildings at a nearby resort.
Another explanation for the lack of effect on reproduction is that my higher
elevation ESSF ecosystem zone corresponded to a low- to mid-elevation zone in previous
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studies in southern British Columbia (Grindal et al. 1999) and South Dakota (Cryan et
al. 2000), possibly explaining why I did not see the segregation reported by other
researchers. My high elevation sites may not have involved the climatic extremes found
at other locations. In addition, if bats were roosting at cooler, higher elevations of the
CWH or ESSF, and flying down into the IDF nightly to forage, they would be traversing
several ecosystem zones in a single night. This may be a suitable tactic for males and
non-reproductive females that can remain in torpor at cool day roosts and accumulate fat
reserves for winter hibernation (Barclay 1991 ). An ecosystem zone in steep habitat will
occupy a smaller horizontal distance than a zone in a valley bottom, so this kind of
nightly movement by bats is conceivable. Distances ranging from 100 - 4000 m between
capture (i. e. foraging) sites and roost sites have been reported (Brigham et al. 1997b,
Vonhof & Barclay 1996, Waldien & Hayes 2001).
The sex ratio I observed was highly skewed towards females. Females that are
reproductive have higher energy demands than non-reproductive females or males, and
thus spend more time foraging, especially during lactation (Hamilton & Barclay 1994,
Kurta et al. 1989). This may increase the opportunity to catch reproductive females. In
addition, pregnant females are less manoeuvrable due to their higher wing loading (Audet
1990), so they may have more trouble avoiding mistnets.
Because mistnetting is associated with bias towards certain bat species and sexes,
studies of habitat use that employ more than one method of sampling are more powerful
(Kuenzi & Morrison 1998, Murray et al. 1999, O'Farrell & Gannon 1999). Studies using
ultrasonic detection can answer questions about use of particular habitats and their
importance to commuting versus foraging bats through the monitoring of bat
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echolocation activity. Although the use of ultrasonic detectors is also prone to biases,
they differ from those linked to mistnetting. Capture techniques such as
mistnetting/harptrapping tend to under-sample the actual species in an area compared to
acoustic methods (Mills et al. 1996, Murray et al. 1999, O'Farrell & Gannon 1999), or
they may sample slightly different species from one another (Kuenzi & Morrison 1998).
In Chapter 3, I compare activity levels for individual bat species and species' groups
among different habitat types using remote ultrasonic detection.

Q

Landscape Unit Boundary

BEC Variants

0

Capture Sites

~

AT unp

•

Detection Sites

~

CWHds1

C::, Parks Boundary

~

CWHms1
ESSFdc2
ESSFmw
IDFdk2
IDFww
MH mm2
MS dm2

Kilometers

Figure 2.1. Map of Skagit watershed study area showing biogeoclimatic ecosystem classification (BEC) zones and sampling sites.
Ecosystem zones sampled in this study were the IDFww, CWHdsl , CWHmsl and ESSFmw. Yellow circles delineate bat-netting
locations, and red circles represent remote detection sites (Chapter 3).

C) Landscape Unit Boundary
0

Elevation
- - 1 - 500

Capture Sites

- - 501 - 1000
1001 - 1500
1501 - 2000
2001 - 2500

,......

0

2.5

Kilometers

Figure 2.2. Map of Skagit watershed study area showing elevational range and sampling sites. Yellow circles delineate bat-netting
locations, and red circles represent remote detection sites (Chapter 3).

35

100%

$::l

_g

n=87

n=37

n=31

75%

.-t::=
U)
0
0

u

Large bats

•

M californicus

•

M evotis

•

M lucifugus

•

M volans

50%

-~u

U)

Q)

r./J

•

25%

0%
IDF

CWH

ESSF

Ecosystem z.one

Figure 2.3. Percent species composition, by ecosystem zone, of bat captures in the
northern Skagit watershed study area, 2000 and 2001. Large species of bats include C.
townsendii, E. fuscus and L. noctivagans. Sample sizes are indicated above bars.

36

100%

n=67

n=29

n=l8

•

$::1

_g

-~
r./l

0

Males

75%

0

u

r./l
r./l

..su

DNRfemales

50%

-~

g

"'C
0
$,..c

25%

•

Rfemales

0%

IDF

CWH

ESSF

Ecosystem zone

Figure 2.4. Percent composition of reproductive classes of captured bats, by ecosystem
zone. Sample sizes are indicated above bars. Abbreviations used in the legend are as
follows: non-reproductive females (NR females) and reproductive females (R females).
Female bats classified as not obviously pregnant (NOP) are excluded from this graph
because it was unclear what reproductive class they belonged to.

37

Table 2.1. Summary of capture analysis using Type 3 generalized linear models for
the effect of year and ecosystem zone on the probability of capturing all bats,
reproductive females, and males/non-reproductive females. Analyses were conducted
separately for each species or species group. Number of net-minutes (number of netmin.) was a covariate in the model. Non-reproductive females have been abbreviated as
NR females. Dashes indicate analyses that could not be undertaken due to lack of power.
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CHAPTER THREE
HABITAT USE BY FOREST-DWELLING BATS IN THE NORTHERN SKAGIT
WATERSHED
Introduction
Intrinsic and extrinsic factors combine to influence habitat use by bats. For
example, the combination of body size, wing morphology, and echolocation-call structure
play a large role in determining a bat's foraging ability and access to particular habitats
and prey (Fenton 1990, Norberg & Rayner 1987, Schnitzler & Kalko 2001, Simmons et
al. 1975), and several studies have found a strong correlation between these variables

(Aldridge & Rautenbach 1987, Brigham et al. 1997a, Crome & Richards 1988, Fullard et
al. 1991, Kalcounis & Brigham 1995). When foraging, bats must avoid obstacles, and

discern between echoes from prey and echoes from surrounding clutter (Fenton 1990).
The term "clutter" has been adapted from radar theory and applied to bat foraging
(Fenton 1990). In this study, I use clutter and structural complexity interchangeably to
refer to any obstacle (to a flying bat) that produces echoes that may interfere with
detection of echoes from a prey target, or presents an obstacle to flight.
The degree of structural complexity of a habitat may be the most important
ecological constraint for foraging bats (Schnitzler & Kalko 2001 ). Cluttered habitats
require greater manoeuvrability (the ability to turn in a small space) and agility (the
ability to turn rapidly, Norberg and Rayner 1987), as well as an echolocation call
morphology that minimizes overlap of outgoing pulses and incoming echoes (Fenton
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1990). Two measures of wing morphology that relate to manoeuvrability and agility
are wing loading (weight/wing area) and aspect ratio (wing span2/wing area) (Farney &
Fleharty 1969). Large bats with long, narrow wings have high wing loadings and aspect
ratios, and are fast, less manoeuvrable flyers that generally use open, uncluttered habitats
(Norberg & Rayner 1987). Small bats with short, broad wings have lower wing loadings
and aspect ratios, and are usually manoeuvrable, agile flyers that can exploit more
cluttered habitats (Norberg & Rayner 1987).
For most bat species, echolocation calls are classified as broadband, frequency
modulated (FM) calls or narrowband, constant-frequency (CF) calls (Altringham 1996).
FM calls are short and sweep steeply down a range of frequencies, while CF are usually
longer, of higher intensity and may contain a small FM component near the start or end
of the call (Altringham 1996). Narrowband calls are better for long-range detection of
large prey in open habitats, while FM calls are suited for short-range detection of small
prey in closed habitats (Fenton 1990).
Despite the support of ecomorphology theory, habitat use by bats does not always
follow predictions based solely on morphology. Bats that are able to exploit cluttered
situations are not excluded from using open habitats (Fenton 1990), and echolocation-call
structure is flexible, to a certain degree (Barclay 1999, Betts 1998, Brigham et al. 1989,
Jacobs 1999, Obrist 1995, Thomas et al. 1987).
Studies of bat habitat use often employ acoustic monitoring of bat echolocation
activity to make comparisons among habitat types and answer questions about their
importance to commuting and foraging bats (Crampton & Barclay 1998, Ekman & de
Jong 1996, Erickson & West 1996, Grindal & Brigham 1999). The use of ultrasonic
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detectors is prone to bias (e.g. species are not equally detectable (Parsons et al. 2000,
Patriquin et al. 2003), and the range of detection varies with atmospheric pressure,
humidity, temperature, battery voltage and variation among detectors (Livengood et al.
2001)). In addition, it is not possible to distinguish between the same individual detected
several times versus several individuals each detected once (O'Farrell & Gannon 1999).

It has been suggested that bat activity levels should not be compared across species due
to differences in detectability among species (Vaughan et al. 1997b). When used
properly and for the appropriate questions, however, ultrasonic detectors can provide a
reasonable index of bat activity and habitat use (Hayes 2000, Murray et al. 1999).
Many acoustic studies of the use of bat habitat conservatively limit their inference
to easily identifiable groups of species such as large bats and Myotis species (Erickson &
West 1996, Jung et al. 1999, Kellner 1999, Zimmerman & Glanz 2000). While this
approach has reduced error associated with classification, information on differences in
species' foraging strategies is lost. Other studies identify echolocation calls to species
using repeatable, quantitative methods to explore habitat-use by individual species (Betts
1998, Britzke et al. 1999, Parsons 2001, Parsons & Jones 2000, Russo & Jones 2002,
Vaughan et al. 1997b). Discriminant function analysis (DF A), often used in combination
with other methods, is a common technique that has also been used to classify bird songs
(Delport et al. 2002, Peake et al. 1998, Rebbeck et al. 2001, Wanker & Fischer 2001),
frog calls (Bee et al. 2001, Wollerman & Wiley 2002) and baboon barks (Fischer et al.
2001).
Understanding habitat use by individual bat species in forests is especially
important for their conservation because the majority of the world's bat species are
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associated with forests, the loss of which is a major issue (Hutson et al. 2001). The
structural complexity of forests, and habitat use by bats, is influenced by factors such as
tree-species composition and age (Hecker & Brigham 1999, Jung et al. 1999, Kalcounis

et al. 1999, Krusic et al. 1996, Oliver & Larson 1990, Patriquin 2001, Thomas 1988).
Tree species vary in their crown shape and general growth patterns, so they present
variability in the structural complexity of a stand, both horizontally and vertically. In
general, young forests are dense and relatively homogeneous, thus presenting large
amounts of clutter to bats. Older forests have more open canopies and heterogeneous
structure, as well as greater roost availability (Oliver & Larson 1990). Bat activity is
often higher in mature or old growth forests than in younger stands (Crampton & Barclay
1998, Thomas 1988), likely due to more heterogeneity and open spaces, combined with a
higher density of suitable roosts. While forests play an important role for roosting and
perhaps foraging bats, riparian areas are key foraging locations, and foraging activity is
often greater over water than in forested habitats (Grindal et al. 1999, Thomas 1988,
Waldien & Hayes 2001, Walsh & Mayle 1991, Zimmerman & Glanz 2000).
Forest composition and structure is largely determined by climate, topography
and soil type, and as a result, many systems of forest ecosystem classification incorporate
multiple variables (Morrison et al. 1998). For example, biogeoclimatic ecosystem
classification (BEC) in British Columbia integrates climate, soil and vegetation data to
classify the various ecosystems of the province (Meidinger & Pojar 1991). This system
also incorporates elevation to a certain degree, a factor that affects bat diversity,
distribution and habitat use (Grindal et al. 1999, Cryan et al. 2000, Russo 2002, Chapter
2). Only a few other studies of bat habitat use in British Columbia (both of which
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occurred on Vancouver Island) have specifically compared bat activity across
biogeoclimatic ecosystem zones (Kellner 1999, van den Driessche et al. 1999).
The Skagit watershed is a unique transition zone between coastal and interior
biogeoclimatic ecosystems, in which plants and animals associated with one ecosystem or
the other inhabit the same locale (Green & Klinka 1994). Little is known about the
diversity, abundance and habitat requirements of bats in the area, although 13 species are
potentially found there (Firman & Barclay 1993, Nagorsen & Brigham 1993). The main
biogeoclimatic subzones in the northern Skagit watershed are Interior Douglas-fir wet
warm (IDFww) referred to hereafter as IDF, Coastal Western Hemlock southern dry
submaritime variant (CWHdsl), Coastal Western Hemlock southern moist submaritime
variant (CWHmsl), and Engelmann Spruce-Subalpine Fir moist warm (ESSFmw),
referred to hereafter as ESSF. The CWHms 1 is slightly higher in elevation and therefore,
slightly cooler than the CWHdsl subzone; however, for the purpose of this study, I
combined sites from both subzones into the CWH. From within the IDF and CWH
biogeoclimatic zones, I separated black cottonwood (Populus balsamifera trichocarpa)
stands into their own ecosystem "zone" (Be to distinguish from the province of BC)
because of the high habitat value of this deciduous tree for many wildlife species
(Davidson & Knight 2001, McClelland et al. 1975, McClelland & McClelland 1999,
Voller 1998).
The objective of my study was to compare activity levels for individual bat
species and species' groups among forests of different ecosystem zones and ages using
remote ultrasonic detection. I also measured structural complexity of a representative
subset of my habitat types (using tree density) to quantify differences among them. I
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expected that black cottonwood stands would be less dense than any of the coniferous
ecosystem zones. I predicted that bat activity in forests would be higher in black
cottonwood than in all other ecosystem zones because of their structure and frequent
association with riparian areas. Within conifer-dominated ecosystem zones, I predicted
the highest activity would occur in the lower elevation IDF and lowest activity in the
higher elevation ESSF. I predicted that small tree density would decrease with increasing
forest age, whereas density of large trees and available roost trees would increase with
forest age. Within any given ecosystem zone, I predicted that bat activity would increase
with forest age because of lower amounts of clutter and increased roost availability. I
expected that forest age would have a stronger effect on species of large bats than on
Myotis species. Large, fast-flying bats should be excluded from young forests, whereas

small, agile Myotis species should be more able to use forests of all ages

Materials and Methods
Study Design

As stated previously, I separated black cottonwood stands from the IDF and CWH
zones into their own ecosystem zone. Black cottonwood is commonly associated with
riparian areas and disturbed uplands at low to mid-elevations, and it withstands periodic
flooding and resists frost (Parish et al. 1996). Besides being an important stabilizer of
riverbanks, shade from black cottonwood trees keeps water temperatures low and
decaying leaves provide a rich source of nutrients for several types of insects, including
caddis flies (Trichoptera) and mayflies (Ephemeroptera; Parish et al. 1996).
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Within each of the four ecosystem zones (Be, IDF, CWH and ESSF), I
separated forests into three ages (young, medium and old; Table 3.1). Black cottonwood
is a fast-growing species that rarely exceeds 200 years old (Parish et al. 1996); therefore,
the classification of young, medium and old forests for this zone differed from that of the
other ecosystem zones in the study (Table 3 .1, British Columbia Ministry of Forests
2002). Young stands are dense and homogeneous in age and structure, and in broadleaf
stands this usually occurs by age 30 (Meidinger 1999). Medium-age stands are beginning
to thin out, and the main canopy has begun to differentiate into distinct layers. Old stands
are mature, a second cycle of shade tolerant trees may have become established, and
snags and coarse woody debris are more common than in younger forests (Meidinger
1999). In each ecosystem zone, I also measured bat activity at riparian sites as a
comparison with forest sites. In total, I sampled 16 habitat types (4 ecosystem zones x (3
age groups); Fig. 2.1). Riparian sites were sampled in the IDF, CWH and ESSF. Black
cottonwood stands do not represent a true ecosystem zone, but rather a forest composition
type, so no riparian sites exist.
I measured bat activity in stands (forest-cover polygons) chosen from British
Columbia Ministry of Forests forest-cover maps based on age class, stand size, species
composition and accessibility. Before I conducted fieldwork, I scanned maps for
polygons that met the criteria. All potentially suitable sites were highlighted. Using
Microsoft Access, I also queried electronic map databases for polygons that met the predetermined criteria to help reduce bias and human error. I sequentially worked through
the maps, trying to spread sampling over as large an area (and elevational range) as
possible (Figures 2.1 and 2.2). Inaccessibility was a common reason for rejecting stands
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as potential sites because there were very few subsidiary roads in the study area,
several sites were too steep, and several watercourses were impossible to cross safely.
Polygons had to be at least 150 m in diameter so that detectors could be placed
well within the stand, without the possibility of edge effects. Chosen stands consisted
predominantly of climax tree species for their particular ecosystem zone (Meidinger
1999). For example, stands from the IDF were leading in Douglas-fir with minor
amounts of other tree species. I sampled each stand once, to increase sampling across the
landscape, unless there was a low availability of certain stand types within the study area.
In these cases, new sites were located at least 50 m away from the previous sampling site
in an attempt to maintain independence of sampling. Within a period of ten days, each
site type (ecosystem x age combination) was sampled at least once to ensure that
sampling among habitat types was evenly spread across the season.

Measurements of Forest Structural Complexity
In a representative subset of stands used for measuring bat activity, I quantified
structural complexity of the vegetation among forests of different ecosystem zones and
ages. I measured tree density using the point-quarter distance method (Krebs 1989).
Within a stand, I established a transect, along which I chose four random, independent
points by selecting random distances within the range of 100 - 300 m by blindly rotating
a compass dial. The area surrounding each point was divided into four quadrants. In
each quadrant, I measured the distance to the nearest tree that was greater than 12.5 cm
diameter at breast height (dbh) and at least 3 m tall. I termed these "large trees". In
2001, I also took density measurements for small trees and potential roost trees (available
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snags) in some representative stands. I defined small trees as being~ 12.5 cm dbh and
at least 2 m tall. Interior spruce (Picea spp.), lodgepole pine (Pinus contorta) and larch
(Larix spp.) with a minimum dbh of 12.5 cm are considered merchantable timber in the

interior of British Columbia (British Columbia Ministry of Forests 1998). Available
snags were freestanding, at least 3 m tall, 2: 25 cm dbh and between wildlife tree classes 2
and 7 for conifers and classes 2 and 5 for deciduous trees (Wildlife Tree Committee of
British Columbia 2001). For coniferous and deciduous trees, tree class 2 represents a
live, but unhealthy, tree with some visible external defect, such as a broken top, insect
damage or internal decay. Discretion was used to determine whether the tree was
available to bats. For example, insect defoliation would not necessarily provide a
roosting opportunity for a bat, while a cavity caused by internal decay would. A class 5
deciduous tree has soft sapwood and heartwood, may be missing parts of its bole and is
lacking most of its limbs. This is the tree class before it falls to the ground as coarse
woody debris. Wildlife tree class 7 for conifers includes dead trees that are
approximately half their original height, with extensive internal decay, decomposed
lateral roots and hollow or nearly hollow shells (Wildlife Tree Committee of British
Columbia 2001 ).
I also measured the heights of three main canopy trees in the same representative
stands to determine how forests of the various ecosystem zones and ages differ in height.
The main tree canopy definition I have used is "the main layer of tree cover composed of
trees whose crowns form the upper layer of foliage, typically the major portion of the
stand composition" (Meidinger 1999). I measured height using a measuring tape and
clinometer.

47
Remote Detection

A sequence of bat echolocation calls is often divided into phases (Griffin 1958).
The search phase has a relatively low pulse repetition rate and is used when a bat is
commuting or searching for prey. The approach phase, with increased pulse repetition
rate, occurs when the bat reacts to and begins pursuing a prey item. The terminal phase
(buzz) is characterized by a high call repetition rate, and indicates that the bat is
attempting to capture the prey. In this study, as an indicator of activity, I define a pass as
a sequence of two or more individual search phase calls. I counted buzzes as a measure
of foraging activity. Feeding buzzes sound like a buzz and are easily discernible from
passes.
ANABAT II detectors (Titley Electronics, Ballina, N.S. W., Australia) detect the
inaudible, ultrasonic echolocation sounds of bats and output them as a fixed proportion of
the original call frequency (division ratio), thus making them audible to the human ear. I
chose a division ratio of 16 because it is suitable for the frequencies emitted by most
North American bats (Oliveira de 1998) and set the bat detector sensitivity to 8
(maximum is 10). I coupled detectors with ANABAT II delay switches and tape
recorders (RadioShack, Optimus CTR-115), allowing for remote, all-night recordings.
With this system (which triggered recording only when there was a detection), a 40 kHz
calibration tone and a time stamp were recorded with each detection. The resulting tape
contained recordings of bat passes and buzzes with the time between detections removed.
I used a pause of one second or more between sets of calls to delineate a new pass
because this is the amount of time required for the delay switch on the bat detector to be
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activated (Oliveira de 1998). If a feeding buzz separated two sets of calls, I counted
them as two passes and one buzz.
I put each detection system in a weatherproof plastic box on a metal stand 1.1 m
above the ground, with the microphone facing upward 30° from the horizontal. The
detector faced into a natural gap within a contiguous habitat type. I defined a gap as a
natural opening created, for example, by blow-down. All openings were located at least
50 m away (with the detector facing away) from any edge between the stand and other
habitat types, water bodies or roads. In 2000, I measured ambient air temperature 30
minutes after sunset. I measured temperature at sites that usually corresponded with my
mistnetting locations; therefore, nightly temperatures were not specific to individual
detector sites. In 2001 , I hung Thermocron i-Button temperature sensors (Dallas
Semiconductor, Dallas, Tx) within the gap at least 2 m from the ground to record nightly
ambient temperatures at each detector site every half hour. I measured gap lengths and
widths at each detector site, and calculated gap area. Distance to the nearest water body
was measured for each detector site. If a water body was less than 100 m away, the exact
distance was measured with a measuring tape. Otherwise, distances to water were
measured from 1:20,000 forest cover maps using a map scale ruler (error=± 5 m).
Percent canopy closure of the forest surrounding the detection site gap was estimated
independently by at least two observers, and the values averaged. To minimize
subjectivity in estimating percent canopy closure, each observer referred to comparison
charts for visual estimation of fo liage cover (Fig. 3.2 in Meidinger 1999).
To ensure that all detectors were equally sensitive, I set them out together on the
same night in a riparian location (to ensure high activity), facing in the same direction.
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Numbers of passes and buzzes were tallied for each detector and compared. Numbers
of passes and buzzes differed by less than five percent among the detectors, so variation
among detectors was assumed to be negligible. However, to account for this small
variation in sensitivity, I rotated individual detectors among the different habitat types.

Reference Call Collection
To assist in the identification of echolocation calls from the remote detections, I
collected reference calls from known bat species in the study area. When mistnetted bats
(see Chapter 2) were released, I recorded echolocation calls using ANABAT II ultrasonic
detectors. Bats were tracked with a spotlight to maintain recording contact for as long as
possible. I released bats into a variety of habitats to mimic the different gap sizes
encountered in the remote detection portion of the study.
I obtained some reference calls for Myotis lucifugus and M yumanensis from a
separate project in the Skagit valley. This study was a blind test to compare the external
morphology, echolocation call structure and genetics of the two species, as they are
difficult to tell apart in this part of their range. It is believed that the two species can be
reliably identified based on the minimum frequency of their echolocation calls (Herd &
Fenton 1983). Calls used from this study (11 M lucifugus and 34 M yumanensis) came
from individuals who were initially identified to species based on minimum call
frequency and external morphology. Genetic analysis confirmed species identity, and
indicated that minimum call frequency is a good measure of species membership between

M yumanensis and M lucifugus (J. Zinck, pers. comm.).
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My sample size of local reference calls for some species (Corynorhinus

townsendii, Eptesicus fuscus, Lasiurus cinereus and Lasionycteris noctivagans) was
insufficient, so I obtained calls from other researchers. All calls from other researchers
were collected in southwestern BC, or in the Skagit valley, using the same method. Calls
for Lasiurus cinereus were obtained from the ANABAT call library. I felt justified in
using calls from other sources for these four species because their calls are relatively
distinct from each other and from other bats, such as those in the genus Myotis (Fenton &
Bell 1981).

Echolocation Call Analysis
I transferred recorded echolocation calls from tapes to computer files using an
ANABAT II zero crossings analysis interface module (ZCAIM), coupled with a tape
recorder, and ANABAT6 software. This displayed each echolocation call sequence as a
time-frequency display (Corben & O'Farrell 1999). Using the ANABAT6 software, I
corrected each echolocation call sequence (pass) for differences in tape speed and then
saved it to a file for later analysis. I used ANALOOK software to purge call sequences of
extraneous noise (i.e. pixels) and to take measurements of call morphology. In these
descriptions, pixels, dots and points are synonymous. I adapted rules from Patriquin
(2001) to clean echolocation calls. The final adaptations are as follows: a) pixels had to
follow the same general trajectory of a call or they were deleted, b) along a trajectory of
points in a call, a lone pixel near the beginning or end of the call had to be separated from
the rest of the call by no more than 5 kHz or it was deleted, c) along a trajectory of points
in a call, groups of points near the beginning or end of the call had to be separated from
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the rest of the call by no more than 10 kHz or they were deleted. I did not measure
feeding buzz calls because they do not represent normal search phase calls. Once all
extraneous pixels were removed, calls recognized as complete by ANALOOK software
were automatically measured and sent to a text file. The number of individual calls in a
bat pass ranged from one to 68.
I used the following measurements of echolocation call morphology to help
identify calls to species: duration, minimum frequency, maximum frequency and mean
frequency. The definitions of these attributes measured by ANALOOK software are
taken from Corben and O'Farrell (1999). The duration, measured in milliseconds, is the
total duration of a call. Maximum frequency and minimum frequency (kHz) are the
highest and lowest frequencies of a call. Finally, mean frequency, also measured in
kilohertz is the area under the curve divided by the duration. It is a weighted mean, and
not just the average of the frequencies of the dots. It takes into account that the dots are
more widely spaced at lower frequencies.

Data Analysis
For all statistical procedures, I used SAS statistical software (SAS v. 8.01, SAS
Institute Inc., 2000). Prior to identifying bats to species based on echolocation call
characteristics, I averaged measurements to obtain one data point per pass, thereby
avoiding pseudoreplication (Hurlburt 1984). This method provided a higher rate of reclassification of the reference calls than did random selection of an individual call from a
pass, a commonly used method in echolocation call analysis (Parsons & Jones 2000,
Vaughan et al. 1997a). In distinguishing between Myotis and large bat species, averaging

52
resulted in 100% correct classification versus 98.9% using a random call. An even
larger difference occurred in the re-categorization of large bat species (76% vs. 54%
correct) and individual Myotis species (74.5% vs. 55%).
I conducted a multivariate analysis of variance (MANOV A; PROC GLM) on call
duration, minimum frequency, maximum frequency and mean frequency to test whether
species differ in their call morphology. Given that statistically significant differences
were found, I used discriminant function analysis (DFA; PROC DISCRIM) to classify
echolocation calls to species using three to four measurements of call morphology
(depending on the level of classification) as predictors of species' membership. I used
reference calls collected from known individuals as a calibration data set for the DFA to
identify the unknown calls from the remote detection data. For seven of the nine species
in the analysis, call variables conformed to univariate normality, and discriminant
function analysis is robust to non-normality (Dillon & Goldstein 1984, Tabachnick &
Fidell 2001). Levene's test for univariate homoscedasticity found heterogeneous
variances for all variables except minimum frequency. A Bartlett's modification of the
likelihood ratio test indicated heterogeneity of the covariance matrices, so I used a
quadratic DFA (SAS Institute Inc. 1989). The calls of the nine species of bats in this
analysis fell into two main groups: calls with minimum frequencies of 30 kHz and greater

(Myotis spp. ), and calls with minimum frequencies less than 30 kHz (large bats; C.
townsendii, E. fuscus, L. cinereus and L. noctivagans). I thus performed DFA in two
stages. First, large bats were distinguished from Myotis species, using duration,
minimum frequency, maximum frequency and mean frequency as predictors of group
membership. Then, separate DFA's were conducted for large bats as a group and for
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Myotis species as a group, each using duration, minimum frequency and maximum
frequency to classify species. For each call, DFA produced a probability of group
membership for each of the species being considered. I assigned each unknown call to
the species with the highest probability. In the classification tables, I report jack-knifed
classifications, which use all bats in the identification of each individual except the one
being identified. This technique was used because it provides a more conservative
classification estimate, and it cross-validates the results (Tabachnick & Fidell 2001).
I compared the density of small trees, large trees and available snags among
forests of different ecosystem zones and ages using analysis of variance (ANOVA;
PROC OLM) with density as the dependent variable, and ecosystem zone and forest age
as main effects. I log transformed density to normalize its distribution. I also used
ANOVA to compare main tree canopy heights among forests of the various ecosystem
zones and ages.
My remote-detection study was a three-factor (Model I) design. To compare bat
activity among forests of different ecosystem zones and ages, I used an analysis of
covariance (ANCOV A; PROC OLM) with pass rate (number of bat passes per hour) as
the dependent variable. Year, ecosystem zone and stand age were main effects in the
model and ambient temperature, gap size, distance to water and percent canopy closure
were covariates. I log-transformed pass rate to normalize its distribution, and logtransformed gap area to produce a linear relationship between this covariate and pass rate.
Percent canopy closure was arcsine square-root transformed. While two-way interactions
between main effects were included in the models, it was not always possible to include
the three-way interaction between year, ecosystem zone and stand age due to lack of
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replication (resulting in insufficient degrees of freedom). Therefore, I excluded this
interaction from all analyses. I used Pearson's correlation coefficients to determine
relationships among covariates. There was no correlation between ambient temperature
and gap area (r = 0.15, P > 0.05) or between canopy closure and distance to water (r =
0.01, P > 0.05). Weak negative correlations were found between canopy closure and
temperature (r = -0.16, P < 0.05) and canopy closure and gap area (r = -0.20, P < 0.05).
Despite a high significance level, likely a reflection of sample size (n=164), I considered
the correlation between ambient temperature and distance to water to be weak (r = 0.27, P
< 0.001 ). In addition, these two variables measure very different things, so I felt justified
in retaining both in my models.
In the analysis of forest ecosystems, I first compared activity levels among habitat
types for the entire bat community and for all Myotis species. My attempts to conduct
individual analyses using ANCOVA for large bats together and for individual Myotis
species were unsuccessful. Violation of some or all of the assumptions of normality,
homoscedasticity and independence of the residuals associated with the dependent
variable (pass rate) necessitated a different approach. I created a new dichotomous
dependent variable (0

=

no bat passes detected, and 1 = at least one bat pass detected),

which I analyzed with generalized linear models (McCullagh and Nelder 1989, PROC
GENMOD). This analysis considered presence/absence of bats among forests of
different ecosystem zones and ages as a binomial variable using the same class variables
and covariates as the ANCOVA. A logit transformation was used to create a linear
relationship between the probability of bats being present and the independent variables.
The goodness of fit of each generalized linear model was evaluated through observation
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of the deviance value divided by the degrees of freedom. Deviance is defined as
"twice the difference between the maximum attainable log likelihood and the log
likelihood of the model under consideration" (McCullagh & Nelder 1989). A ratio of
deviance to the degrees of freedom of 1 suggests that the data are neither over- nor underdispersed (McCullagh & Nelder 1989). The range of ratios for my models was 0.76 to
1.66.
Incorporation of the riparian data necessitated the exclusion of the black
cottonwood ecosystem zone. Black cottonwood stands do not represent a true
biogeoclimatic zone so much as a stand type; therefore, black cottonwood riparian sites
do not exist. In addition, riparian sites do not have an age associated with them in the
same way as forest stands do. Therefore, I also removed age as a class variable from the
model. I included a class variable (type) denoting each data point as being either from a
forest or riparian site, and excluded the covariates gap area and distance to water.
Riparian sites tended to have large gap areas and always had a distance to water of zero.
Riparian analyses were conducted with the same top-down approach used in forest
analyses (entire community, large bats!Myotis, individual species), using either
ANCOVA (PROC GLM) or generalized linear models (PROC GENMOD). In some
analyses for individual species, the interaction between ecosystem zone and type could
not be included due to lack of degrees of freedom.
In all analyses of spatial complexity and remote detection, I included as many
interaction terms as each model would allow, given the intensity of replication. I then
used backwards, stepwise elimination to remove non-significant interaction terms and
covariates from the various models. I used a= 0.05 level for all analyses unless
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otherwise specified. When significant main effects or interactions were found in the
analyses of bat activity and bat presence, I used a posteriori comparisons, adjusting Type
I error rates for each comparison using the Dunn-Sidak method (Kirk 1995). In my
results, the reported probabilities associated with these multiple comparisons incorporate
the Dunn-Sidak correction.
When significant interactions between class variables and covariates were plotted,
the dependent variable was adjusted for other terms in the model. For each observation, I
obtained a predicted value and added in the residuals. Terms that were not of interest
were held constant, so the mean value was used. For terms of interest, I used the
observed value.
I analyzed bat foraging buzzes in the same way as overall activity. For forest
analysis, I used generalized linear models to look at the effects of year, ecosystem zone
and forest age on the presence/absence of foraging bats (PROC GENMOD). Ambient
temperature, gap area, distance to water and canopy closure were initial covariates in the
models. Again, riparian analysis of foraging bats excluded black cottonwood stands and
forest age, and was conducted using the variable "type". There were very few nights
with foraging buzzes from either large bat species (n=6) or from individual Myotis
species; therefore, I conducted analysis of foraging data only for all Myotis together.

Results

Echolocation Call Analysis
Of 278 reference echolocation calls used in the discriminant function analysis, 46
were from large bats (7 C. townsendii, 20 E. fuscus, 8 Lasiurus cinereus and 11
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Lasionycteris noctivagans) and 232 were from Myotis species (71 M californicus, 20
M evotis, 64 M lucifugus, 32 M volans and 45 M yumanensis). Measurements of
echolocation call morphology (used in classification) for the nine species in this study are
summarized in Table 3.2. Of the four parameters, maximum frequency was the most
variable, followed by mean frequency. There was a clear separation in call frequency
characteristics between species of large bats and Myotis species. Large bats had lower
maximum, mean and minimum frequencies than Myotis species. With the exception of
C. townsendii, larger bats also had longer duration calls than those of Myotis.

There were significant differences in call morphology between large bats and

Myotis, based on the four variables considered (MANOVA: Wilk's A= 0.234; F4,2?3 =
222.76; P < 0.001). All 278 calls were correctly classified. Random classification would
result in 50% correct. The loading matrix of correlations between the predictor variables
and discriminant functions indicated that the best predictors of species' membership (in
decreasing order) were mean frequency, minimum frequency and maximum frequency
(Table 3.3). Correlations of more than 0.33 are conventionally considered important
(Tabachnick & Fidell 2001 ), indicating that call duration also played a significant role in
classification.
Among the four species of large bats, there were again significant differences in
call morphology (MANOVA: Wilk's A= 0.197; F9,9?.s = 10.29; P < 0. 001). Overall,
76.1% of the 46 calls were correctly classified usingjack-knifing in the DFA (Table 3.4).
Random classification would be expected to be 25% correct. The first two discriminant
functions accounted for 63.0% and 28.6% of the between-group variation, respectively.
Maximum frequency was the most important variable in separating calls based on the

58
third discriminant function, which only accounted for 8.4% of variation among species.
It is not reported in Table 3 .3 because of its low contribution, and the ease of visualizing
separation in two dimensions. As illustrated in the loading matrix, minimum frequency
and duration were the most important variables in separating the calls based on
discriminant functions 1 and 2 respectively (Table 3.3). The lower minimum frequency
of L. cinereus calls separated them from E. fuscus and L. noctivagans, while their longer
calls separated them from C. townsendii (Fig. 3 .1 ). Corynorhinus townsendii had shorter
calls, of slightly lower minimum frequency, than either E. fuscus or L. noctivagans.

Eptesicus fuscus and L. noctivagans calls were similar both in minimum frequency and
duration, thus they were commonly misidentified as each other (Fig. 3.1; Table 3.4). I
therefore chose to combine them for further analyses.
In the DFA used to separate among species of Myotis, 74.5% of the 233 calls
were correctly classified, compared to 20% expected by chance (Table 3.5). Again,
measurements of call morphology among species were significantly different
(MANOVA: Wilk's A= 0.172; F12,s9s.s9 = 10.29; P < 0.001). The first two discriminant
functions accounted for 93% and 6.9%, respectively, of the variation among species. The
third discriminant function only accounted for 0.1 % of variation among species, so I will
not mention it here. The correlative loading matrix indicated that minimum frequency
was the most important variable in separating species in the first discriminant function
(Table 3.3). While call duration was the most important parameter in the second
discriminant function, it was followed closely by both maximum frequency and duration.

Myotis evotis and M yumanensis were most successfully separated from other
Myotis species (Table 3.5). Myotis evotis had the lowest minimum call frequency while
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M yumanensis had the highest. A minimum call frequency that sandwiched M
californicus among M yumanensis, M lucifugus and M volans along the first
discriminant function contributed to the misidentification of this species as one of the
three. There was also a high degree of overlap in the minimum frequency of M lucifugus
and M volans calls (Fig. 3 .2). These two species were often misidentified as each other
(Table 3 .5), so I chose to combine the two species in further analyses.
The discriminant function analysis used on reference calls was also used to
identify passes from unknown species in my remote detection data. Of 8666 unknown
passes, five percent were too fragmented to be analyzed, and therefore could not be
identified as either a large bat or Myotis. The remaining calls were identified as either

Myotis (84.5%) or large bat species (10.5%). Thirty-three percent of calls were
identifiable only as Myotis because they were still too fragmented for analysis to species.
The remaining 51.3% were identified as follows: 14.6% M californicus, 5.5% M evotis,
26.6% M lucifugus/volans and 4.5% M yumanensis. The majority (75% of 10.5%) of
large bat calls were identified as either E. fuscus or L. noctivagans. Therefore, I present
results for large bats as a group or E.fuscus/L. noctivagans as a group later in this chapter.
Of 5160 calls actually identified to species using discriminant function analysis, only 185
(3.6%) were identified based on a probability ofless than or equal to 0.5.
Discussion

Echolocation Call Analysis
There was sufficient interspecific variation in echolocation call morphology to
allow considerable success in discrimination. Separating large species of bats from
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Myotis species, before further classification, was an appropriate approach, given that
echolocation call frequency is negatively correlated with body size in aerial insectivorous
bats (Barclay & Brigham 1991, Jones 1999). In my study, there was a clear separation in
all measures of call frequency between large bats and Myotis; large bats used low
frequencies, while the smaller Myotis species used higher frequency calls. Large bats are
generally faster flyers, and their lower frequency calls are better for long-range detection
compared to the higher frequency calls of North American Myotis, which serve well for
short-range detection and discrimination of small targets (Griffin 1958).
Minimum echolocation call frequency was a more important parameter than
maximum frequency in discrimination among both large bats and Myotis species. This is
likely because higher frequencies attenuate more rapidly than lower frequencies in air,
especially with increased temperature and humidity (Griffin 1971), and the upper
frequencies of a call are thus more likely to be fragmented. In addition, call durations
among large bats and among Myotis species were of similar length so were less valuable
in discrimination.
Success in classifying large bats was lower than that reported elsewhere (Betts
1998, Krusic & Neefus 1996). Lasiurus cinereus was easily distinguished from other
large bats by its low frequency calls. These calls serve well in long-range detection for
this fast flying species (Barclay 1986). The characteristics that separated the calls of C.

townsendii from other large bats were partially an artifact of measurement. The calls of
C. townsendii contained a unique pattern that was not measurable using ANALOOK
software. The energy in these calls typically shifted from the first to the second harmonic
part way through the call, resulting in measurement of call fragments. Harmonics
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increase call bandwidth, thereby increasing discrimination of target distance
(Altringham 1996). Corynorhinus townsendii is highly manoeuvrable and agile, flies
close to vegetation, and may glean insects from surfaces (Fellers & Pierson 2002, Kunz
& Martin 1982). Harmonics may be especially important to C. townsendii in determining
distance to insects and vegetation because its fundamental call frequency is low.
Discriminant function analysis was not very successful in distinguishing between

E. fuscus and L. noctivagans due to high intraspecific variation and overlap in their call
morphologies. Other researchers also reported high amounts of intraspecific variation in

E.fuscus and L. noctivagans (Betts 1998, Brigham et al. 1989, Burnett et al. 2001,
Masters et al. 1995, Thomas et al. 1987). Betts (1998) was able to successfully
distinguish between the two species using maximum call frequency and length of the
narrowband component, the latter of which I did not measure. Because echolocation
calls vary geographically (Barclay et al. 1999, Thomas et al. 1987), my reference calls
borrowed from locations in interior and coastal British Columbia may have contributed to
the variation I observed. Regardless of geography, the measurements of echolocation call
morphology that I used for E. fuscus and L. noctivagans were similar to those found
elsewhere (Betts 1998, Brigham et al. 1989, Fenton & Bell 1981, Masters et al. 1995,
Thomas et al. 1987). These two species have similar wing loadings and aspect ratios
(Norberg & Rayner 1987), forage in open areas (Brigham 1991, Brigham & Fenton 1991,
Reith 1980), and have similar diets (Whitaker et al. 1977), so I felt justified in combining
them for further analysis, a tactic that was also applied elsewhere (Gitzen et al. 2002).
The accuracy of identification of Myotis was within the range reported by other
studies (Krusic & Neefus 1996, Murray et al. 1999). Success in classification among
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Myotis species was highest for the two species at opposite ends of the minimum
frequency spectrum, M evotis and M yumanensis. Measurements of call frequency for
M lucifugus and M volans were virtually identical, thus the failure in consistent
classification. Although the frequency-time structure is similar for these species, M
volans is reported to have more of a constant frequency component to its call (Fenton &
Bell 1979). Myotis volans has a higher wing loading (Norberg & Rayner 1987), and is
described as a fast, purposeful flier that forages both above and below the forest canopy
(Warner & Czaplewski 1984), while M lucifugus flies erratically amongst vegetation or
low above water (Fenton & Barclay 1980). Despite these differences in foraging style, I
had no choice but to combine calls of M lucifugus and M volans in further analysis.
Intraspecific variation in morphology of echolocation calls can be related to a
bat's age, sex, body size, geographic location and hunting behaviour (Barclay et al. 1999,
Brigham et al. 1989, Jones 1999, Jones et al. 1992, Jones & Ransome 1993, Kalko &
Schnitzler 1993, Kazial et al. 2001, Masters et al. 1995, Obrist 1995, Pearl & Fenton
1996, Thomas et al. 1987). I was able to control for some of these factors. All of my
reference calls were from adult bats, while my unknown calls probably represented both
adults and juveniles, thereby potentially contributing to greater intraspecific variation.
My reference calls for Myotis species were recorded in the same geographic location as
my study, and the reference calls for C. townsendii, E. fuscus, and L. noctivagans were
from nearby localities in southern British Columbia. During hunting, a bat may increase
the bandwidth of its call in cluttered habitat to enhance the determination of its distance
to objects, or it may shorten its calls to minimize the problem of pulse-echo overlap
(Kalko & Schnitzler 1993). Although I did make reference call recordings in a variety of
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habitats for some species, particularly M evotis, sample size of captured bats dictated
my reference call collection, so it was not always possible to obtain calls from a wide
variety of clutter situations. Although this may have further increased the intraspecific
variation in call parameters, M evotis was the most successfully identified Myotis
species.
Variability in recorded echolocation calls can also be related to the methods of
detection (Parsons et al. 2000). There are some aspects of the frequency division and
zero-crossings techniques incorporated in the ANABAT system that might affect
echolocation call morphology (Parsons et al. 2000), and therefore, classification of bat
species by their calls. The sensitivity option determines the input amplitude threshold of
the ANABAT system. The start and end of bat echolocation calls are typically of lower
amplitude than the middle of the call (Griffin 1958). If the amplitude of part of a call is
below the necessary threshold required to trigger a frequency division system, it may be
only partially detected (Parsons et al. 2000). Therefore, the maximum and minimum
frequencies and duration of a call may be inaccurately recorded. For the same reason,
bats with low intensity calls and bats far away from the detector microphone may be
missed or only partially recorded. In addition, short, low-intensity calls, especially
feeding buzzes, may not contain enough information to be represented when frequency
division occurs (Parsons et al. 2000). Some species of bats do not always use a feeding
buzz when attempting prey capture (Faure & Barclay 1992, Griffin 2002). These
behavioural tactics, as well as limitations of the recording equipment, mean that foraging
activity (i.e. number of feeding buzzes) is underestimated.
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The one-third of Myotis passes that were unidentifiable to species were likely
bats with low intensity calls (M evotis or C. townsendii), or bats that were too far from
the detector. The distance at which an ultrasonic detector is triggered will be greater for
bats with higher intensity calls than for bats such as M evotis. Therefore, the sampling
volume is unequal among species.
Less than 4 % of unknown calls were identified to species based on a probability

:S 0.5. Thus, support for the identification to species based on echolocation call was
generally strong. Echolocation call analysis was a successful tool allowing me to
determine habitat use by individual species or species groups and apply this to knowledge
regarding bat ecomorphology. I present those results below.
Results

Measurements of Forest Structural Complexity
Overall models explaining variation in density were significant for small trees (r2
= 0.38), large trees (r2 = 0.28) and roost trees (r2 = 0.68; Table 3.6). While ecosystem
zone did not have a significant effect on small-tree density (Table 3 .6), it was highest in
black cottonwood (Be) and lowest in the Engelmann Spruce-Subalpine Fir (ESSF) zone
(Fig. 3.3a). Large-tree density was lower in Be than in IDF (t= 2.82, P < 0.05) or CWH
(t= 3.03, P < 0.025; Fig. 3.3b). Available-snag density did not differ significantly among
ecosystem zones (Table 3.6; Fig 3.3c).
Forest age was a significant factor affecting density of small and large trees and
available snags (Table 3.6). The density of small trees was lower in old forests than in
young (t= 3.33, P < 0.01) or medium-aged (t= 2.98, P < 0.025) forests (Fig. 3.4a).
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Large-tree density was significantly lower in old stands than in young stands (t = 2. 76,
P < 0.025; Fig. 3.4b). The density of available snags was significantly lower in young
stands than in either medium-aged (t= 6.69, P < 0.001) or old stands (ttan= 6.41, P <
0.001; Fig. 3.4c).
The effect of forest age on snag density varied with ecosystem zone, as indicated
by a significant two-way interaction (Table 3.6). There was a significantly higher density
of available snags in medium-aged black cottonwood forests than in either young (t =
6.76, P < 0.001) or old (t= 3.63, P < 0.025) ones (Fig. 3.5). There were significantly
fewer available snags per hectare in young stands than in medium-age stands in the IDF
(t = 4.38, P < 0.001). In contrast, old ESSF stands had a significantly greater density of
available snags than young ones (t= 4.72, P < 0.001). In addition, medium-aged
cottonwood stands had a significantly greater density of available snags than medium
stands of the CWH or ESSF (P < 0.025).
The model for the effect of ecosystem zone and forest age on main canopy height
was significant (r2 = 0.61; Table 3.6). Main-canopy height differed significantly among
forests of different ecosystem zones and ages, but inconsistently (Table 3 .6). Within
black cottonwood, medium-aged (t= 4.47, P < 0.001) and old (t= 6.29, P < 0.001) stands
were taller than young stands (Fig. 3.6). In the IDF, medium-aged stands were taller than
young stands (t= 3.31, P < 0.05). In the CWH and ESSF, old stands were significantly
taller than young stands (t-test, P < 0.05). Within medium-aged stands, both black
cottonwood and IDF had a significantly taller main canopy than either CWH or ESSF (ttest, P < 0.01), while in old stands, the black cottonwood main canopy was taller than in
the CWH (t= 4.27, P < 0.001; Fig. 3.6).

66
In summary, small-tree density was lowest in the higher elevation ESSF zone
than in all other zones, while the density of large trees was lowest in black cottonwood
stands. Young stands had the highest density of small and large trees, but the lowest
density of available snags. The main-tree canopy of CWH and ESSF stands was shorter
than in the other ecosystem zones, and main canopy tree height increased with forest age.

Remote Detection
In 2000, I detected 1207 passes and 28 buzzes in 518 detector-hours of sampling
(2.33 passes per hour; 0.054 buzzes per hour) while 2228 passes and 77 buzzes were
detected in 942 detector-hours of sampling in 2001 (2.36 passes per hour; 0.082 buzzes
per hour). The 2001 total excludes data from riparian sites, which included 5231 passes
and 368 buzzes in 123.25 hours (42.4 passes per hour; 2.98 buzzes per hour). Mean
monthly temperatures for the Environment Canada weather station (Hope Slide) nearest
to the Skagit watershed study area were similar between years (Table 3.7, Environment
Canada 2003). Total rainfall was higher in 2000 in all months of the study, especially
July.
The species composition by ecosystem zone of passes identified from DF A is
presented in two ways: forest data for all ecosystem zones (Figure 3.7), and forest and
riparian data together for the IDF, CWH and ESSF (Figure 3.8). There were no black
cottonwood (Be) riparian sites. One-third of all passes represented unidentified Myotis
species, and they comprised 40 % of Be, 31 % ofIDF, 22 % of CWH and 39 % ofESSF
passes. Of the identified Myotis, there were more M californicus and M yumanensis
passes detected in black cottonwood than in other ecosystem zones (Fig 3.7). M evotis
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was more often detected in forests of the CWH. Large species of bats were more often
detected in the CWH. Passes from M lucifugus/volans comprised more than 50 % of
identified passes in forest and riparian IDF (Fig. 3.8). From these data, temperatures
were unavailable for six detector nights; therefore, these nights were excluded from
further analysis.
Bat Activity in Forests
The model for the effects of year, ecosystem zone and forest age on overall bat
activity was significant (r2 = 0.52). There was no significant effect of forest age on
activity of all bats (Table 3.8). There was a significant two-way interaction between year
and ecosystem zone and a three-way interaction between year, ecosystem zone and
ambient temperature (Table 3.8). In 2000, bat activity was higher in IDF than in black
cottonwood, whereas in 2001, bat activity was greater in black cottonwood. However,
neither of these differences was significant in post-hoe comparisons. Black cottonwood
stands had significantly higher bat activity than either CWH or ESSF in 2001 (P < 0.05).
With the exception of the IDF in 2000 and black cottonwood in 2001, there was an
increase in bat activity with increased ambient temperature (Fig. 3.9). This increase was
significant for the ESSF in 2001 (t= 2.98, P < 0.005), while the contrasting decrease in
the IDF was also significant (t = 2.18, P < 0.05). Overall, there was higher activity in
black cottonwood than in the Coastal Western Hemlock zone (t-test, P < 0.05; Fig. 3.10).
Partial regression coefficients indicated that bat activity significantly increased with gap
area (t= 3.37, P < 0.01) and with increased distance to water (t= 2.28, P < 0.025). The
relationship between overall bat activity and each of these covariates is illustrated in
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Figures 3.11 (gap area) and 3.12 (distance to water). In contrast, there was no
significant effect of canopy closure on bat activity (Table 3.8; Fig. 3.13).
The model for the effects of year, ecosystem zone and forest age on activity of
Myotis was also significant (r2 = 0.52; Table 3.8). Because almost 85% of identifiable

passes were Myotis, the effects were expected to share similarities with the analysis for
all bats; however, there were differences. Both ecosystem zone and forest age had a
significant effect on activity (Table 3.8). Black cottonwood stands again had
significantly higher activity than the CWH (t= 2.74, P < 0.05) or ESSF (t= 4.23, P <
0.001) zones (Fig. 3.14a). The effect of forest age on activity was not consistent between
years (Table 3.8). In 2000, activity in old forests was significantly higher than in either
young (t = 2.93, P < 0.05) or medium-aged forests (t = 3.08, P < 0.025), while in 2001
there were no differences among forest ages (Fig. 3 .15a). Overall, old stands had
significantly higher Myotis activity than young stands (t = 4.23, P < 0.025). The effect of
temperature on Myotis activity was not consistent across all distances to water, as
evidenced by a two-way interaction (Table 3.8). A significant three-way interaction
between temperature, gap area and distance to water is not easily interpreted. Overall,
Myotis activity significantly increased with a decrease in canopy closure (t = 2.1, P <

0.05) and a decrease in temperature (t = 2.02, P < 0.05).
The generalized linear model explaining variation in the probability of detecting
species of large bats involved several interactions (Table 3 .9). The effect of ecosystem
zone was not easily interpreted due to its involvement in a two-way interaction with gap
area (Table 3.9). In black cottonwood and ESSF, the probability of encountering large
bats decreased with an increase in gap area while the reverse trend was observed for the
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IDF (x 1 = 4.3, P < 0.05) and CWH. A significant difference in the partial regression
2

coefficients for gap area was only found between black cottonwood and IDF (x 1 = 7 .04,
2

P < 0.05). Overall, the probability of detecting large bats was lowest in the IDF (Fig.
3.14b), but this difference was not significant using post-hoe comparisons.
The probability of detecting large bats was highest in young stands (Fig. 3 .15b),
but multiple comparisons revealed no significant differences. A significant interaction
between forest age and ambient temperature also affected the probability of encountering
large bats (Table 3.9). In all three age classes, the probability of detecting large bats
significantly increased with temperature (young:
P < 0.005; old:

x2i = 4.34, P < 0.05).

x2i = 3.90, P < 0.05; medium: x21 = 8.53,

While this positive trend was strongest in medium-

aged forests and weakest in young forests, the differences were not significant using posthoe comparisons. The probability of encountering large bats also significantly increased
with canopy closure

(x2 1 = 13.12, P < 0.025; Table 3.9), but the significant relationship

between the covariates was not simple or explicable. The effects of ecosystem zone and
forest age on the presence or absence of E.fuscus/L. noctivagans followed the same
trends as for all large bats combined, although there were no statistically significant
effects (Table 3 .9).
The probability of encountering M californicus varied with all main effects and
covariates remaining in the generalized linear model (Table 3.10). Overall, there was a
higher probability of encountering M californicus in black cottonwood than in CWH (x2 1

= 9.62, P < 0.025) and ESSF (x\ = 6.91, P = 0.05), although the difference was barely
insignificant in the latter (Fig. 3 .l 6a). The effect of ecosystem zone was not consistent
,

between years, as illustrated by a significant two-way interaction (Table 3.10). In 2001,
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there was a significantly higher probability of encountering M californicus in black
cottonwood than ESSF (x,2 1 = 8.94, P < 0.05), while in 2000, there was no significant
difference (Fig. 3 .17). The chance of encountering M californicus in the ESSF was
significantly higher in 2000 than in 2001 (x,\ = 8.78, P < 0.05), but no differences
between years were observed in other ecosystem zones.
On the whole, the probability of detecting M californicus tended to increase with
forest age, but multiple comparisons did not reveal significant differences (Figure 3.18a)
because the effect of forest age was not consistent between years (Table 3 .10). In 2000,
there was a higher chance of detecting M californicus in old stands than in medium-aged
stands (x,\ = 9.93, P < 0.025). In contrast, in 2001 the probability of encountering M

californicus was highest in medium-aged stands and lowest in young stands (x,2 1 = 8.16, P
< 0.05). This difference translated to a significantly higher probability of finding M

californicus in old stands in 2000 than in 2001 (x,\ = 10, P < 0.025), and a significantly
higher overall probability of detection in 2000. The overall probability of encountering

M californicus increased with ambient temperature (x,2 1 = 3.94, P < 0.05) and with
decreased canopy closure (x,\

= 6.12, P < 0.025).

The presence of M evotis varied with year, ecosystem zone and gap area (Table
3 .10). There was a significantly lower probability of encountering M evotis in the ESSF
than in all other ecosystem zones (Fig. 3.16a), but only in 2000 (x,\, P < 0.001; Fig.
3.19). The probability of detecting M evotis did not differ with forest age, although it
was much lower in 2000 than 2001 (Fig. 3.18b). An increase in gap area was correlated
with an increased chance of detecting M evotis (x,2 1 = 12.1, P < 0.01 ).
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The M lucifugus!M volans species group had an unequal probability of being
detected among different ecosystem zones and years, both of which formed significant
interactions with another class variable (forest age) and covariate (temperature) in the
model (Table 3 .10). More than half of the identifiable Myotis passes were from M

lucifugus/M volans, so there were many similarities in the results of these two species
groups. The significant interaction between year and age was mainly due to a higher
probability of encountering M lucifugus/M volans in old stands in 2000 compared to
2001 (Fig. 3.18c), although this difference was not significant using post-hoe
comparisons. In the IDF and CWH zones, the probability of encountering M

lucifugus/M volans was highest in old stands while the trend was reversed in the ESSF,
and no trend was evident in Be stands. Despite these contrasting trends, multiple
comparisons using an adjusted Type I error rate did not reveal significant differences
among ecosystem zones and ages, due to large variability in the data. Overall, the
probability of encountering M lucifugus/M volans was significantly higher'in black
cottonwood than in either CWH (x2i = 9.03, P < 0.025) or ESSF

(x2o.ooss[IJ = 7.19, P <

0.05; Fig. 3.16c).
For M lucifugus!M volans, both year and ecosystem zone were involved in twoway interactions with the covariate, ambient temperature (Table 3 .10). Overall, the
probability of detecting M lucifugus/M volans decreased with increased temperature, but
this relationship was only significant in 2000

(x2 1 = 9.26, P < 0.01).

relationship with temperature was significant in Be (x2i

=

This negative

4.73, P < 0.05), IDF (x2i

=

9.39, P < 0.01) and ESSF (x2 1 = 4.11, P < 0.05), but not CWH. There was a significant
positive relationship between gap area and the probability of encountering M
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lucifugus/M volans (x2 1 = 16.52, P < 0.001 ). Distance to water was involved in twoway interactions with both ambient temperature and gap area (Table 3 .10).
The presence of M yumanensis varied with year, ecosystem zone, forest age, gap
area, distance to water, and canopy closure (Table 3.10). Overall, the probability of
detecting this species did not differ with ecosystem zone (Fig. 3. l 6d). There was a
significant interaction between year and age (Fig. 3 .18d). As with M lucifugus/M

volans, the odds of detecting M yumanensis were higher in old stands in 2000 than in
2001

(x\ = 11.87, P < 0.01).

Ecosystem zone and forest age were both involved in a

significant interaction with gap area (Table 3.10). There was a significant increase in the
probability of encountering M yumanensis with increased gap area for all ecosystem
zones and ages (P < 0.025). This relationship was significantly greater for IDF than
black cottonwood

(x2 1 = 7.67, P < 0.05).

For forest age, the strength of the relationship

decreased with increasing age. There were significant two-way interactions between year
and both canopy closure and distance to water (Table 3 .10). Detection probability
increased significantly with increased distance to water in both years (P < 0.01), but the
increase was significantly greater in 2000

(x\ = 5.90, P < 0.025).

As canopy closure

increased, the odds of encountering M yumanensis significantly decreased in 2001 (x2 1 =
11.08, P < 0.001), while in 2000, there was no significant decrease.
In summary, the overall activity of all bat species together was highest in black
cottonwood stands and lowest in CWH and ESSF, but the effect differed with year. In
2000, bat activity was similar in IDF and Be, whereas in 2000 it was greater in Be. There
was no effect of forest age on overall bat activity. Bat activity increased with
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temperature, although the relationship did not hold true for all year-ecosystem zone
combinations. Overall bat activity also increased with gap area and distance to water.
The effect of ecosystem zone and forest age was relatively consistent for all

Myotis species. Bat activity or probability of detection was greatest in Be or IDF stands
and lowest in the higher elevation CWH or ESSF. For M evotis, probability of detection
among Be, IDF and CWH zones was similar, while it was considerably lower in the
ESSF. The activity of Myotis (except M evotis) also increased with forest age, a trend
that was only observed in 2000. With an increase in ambient temperature, activity of

Myotis decreased, mainly because of Mlucifugus!M volans. In contrast, the probability
of detecting M californicus increased with temperature. The activity of Myotis increased
with a decrease in canopy closure.
The probability of detecting large bats increased with gap area in IDF and CWH
but decreased in Be and ESSF. Overall, there was no significant effect of ecosystem
zone or forest age on the probability of detecting large bats in forests. The chance of
encountering large bat species increased with temperature and canopy closure.
Bat Foraging Activity in Forests
The probability of encountering foraging Myotis (detected as feeding buzzes)
varied with year, ecosystem zone, forest age, and gap area (Table 3.11). There was a
significantly lower probability of encountering foraging Myotis in the ESSF than in all
other ecosystem zones (P < 0.001; Fig. 3.20). While non-significant in post-hoe
comparisons, the chance of detecting foraging Myotis was highest in black cottonwood
stands. Even though it is visually not obvious (Fig. 3.21), there was a significant
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interaction between year and forest age (Table 3 .11 ). In both 2000 and 2001, there was
a significantly higher chance of finding foraging Myotis in old stands than in either young
or medium stands (P < 0.001). Although all probabilities for young and medium stands
were close to zero, the probability of detecting foraging Myotis was greater in medium
than young stands in 2000, and lower in 2001. Forest age was involved in a significant
two-way interaction with gap area (Table 3.11). While overall, there was a significant
increase in the probability of detecting foraging Myotis with gap area (P < 0.025), this
trend was only observed in young and old (P < 0.025) stands, and not medium-aged
stands.
Comparison of Bat Activity in Forests and Riparian Areas
When I combined forest and riparian data, there was significantly higher activity
(OLM) and a greater probability of encountering bats (GENMOD) in riparian zones than
in forests for all species and species groups (Tables 3 .12 - 3 .14). This effect of habitat
type (riparian or forest) was least significant for M evotis (Table 3.14). While
differences were non-significant, riparian activity for all bats and Myotis tended to be
highest in the ESSF (Fig. 3.22a), while for large bats, the probability of detection was
highest in the IDF (Fig 3.22b).
Year, ambient temperature and a two-way interaction between the two, affected
various species and species groups (Tables 3.12 and 3.14). There was an increase in
forest and riparian activity combined with increased ambient temperature for the entire
bat community (t= 2.69, P < 0.01) and for Myotis species (t= 2.09, P < 0.05). There was
a significant increase in the probability of detecting M californicus with increased
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temperature in 2001 (t= 8.04, P < 0.01), but not in 2000. Overall, the chance of
encountering M californicus was greater in 2000 than 2001 (Table 3.14). The odds of
encountering M lucifugus/M volans significantly increased with temperature in 2001 (t=
5.54, P < 0.025) but not in 2000.
The effect of year on the probability of encountering M evotis varied with
ecosystem zone (Table 3.14). In 2000, there were very few M evotis detected in the
ESSF compared to either the IDF or CWH (t-test, P < 0.001), while in 2001, the reverse
trend was observed (t-test, P < 0.001 ). Subsequently, there was a significantly higher
probability of encountering M evotis in 2001 than in 2000 in riparian analyses (Table
3.14).
Comparison of Bat Foraging Activity in Forests and Riparian Areas
For Myotis, there was a significantly higher probability of encountering foraging
bats in riparian zones than in forests (Tables 3 .15 and 3 .16). There was a significant
interaction between type and ambient temperature because the probability of
encountering foraging Myotis increased with temperature in forests but decreased with
increased temperature in riparian sites (Table 3.15). Although neither partial regression
coefficient was significantly different from zero, they were marginally different from
each other (x2i = 3.90, P < 0.05).
In an alternative analysis to include the interaction between ecosystem zone and
type (forest or riparian), the interactions 'year x ecosystem zone' and 'type x temp' had to
be excluded. There was a significant interaction between ecosystem zone and type
(Table 3.16, Fig. 3.23). The probability of detecting foraging Myotis was significantly
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greater in riparian sites than in forest sites in the IDF (x\ = 792.36, P < 0.001) and
2

ESSF (x

1=

937.56, P < 0.001), but not in the CWH (x2 1 = 5.09, P > 0.05).

Summary of Remote Detection Results
For all bat species together, and for Myotis, activity was higher in black
cottonwood stands than in other ecosystem zones (Table 3.8), and within the coniferous
zones, activity was higher (albeit not significantly) in IDF forests. The odds of
encountering Myotis foraging in forests were highest in Be and lowest in the ESSF (Table
3.11). For M californicus and M lucifugus/volans, the probability of detection was
highest in Be and IDF forests, but for M evotis and M yumanensis, there was no
significant trend (Table 3.10). In contrast to Myotis, the probability of detecting large
bats in forests did not significantly differ with ecosystem zone (Table 3.9). For all bat
species and species groups, activity or probability of detection was higher in riparian
areas than in forests (Tables 3 .12 - 3 .14). The chance of encountering foraging Myotis
was also significantly higher in riparian areas than in forests (Table 3 .15).

Myotis commuting activity was highest in old stands in 2000 (Table 3.8), and
foraging activity was highest in old stands for both years (Table 3 .11 ). For individual
species of Myotis, there was no significant difference in the probability of detection
across forest age, but a slight increase with age was observed for M californicus and M

lucifugus/volans (Table 3.10). Again in contrast to the trends for Myotis species, the odds
of encountering large bats did not differ with forest age (Table 3.9).
Despite variability in the effects of covariates, some consistent patterns emerged.
For all but two ecosystem-year combinations, activity for all bats increased with ambient
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temperature (Table 3.8). The probability of detecting large bats and M californicus
increased with temperature (Tables 3 .9 and 3.1 O); however, the opposite trend was
observed for all Myotis together and for M lucifugus/volans (Tables 3 .8 and 3 .10). When
riparian data were combined with forest data, overall Myotis activity increased with
temperature (Table 3.12). In general, there was an increase in bat activity or probability
of detection with an increase in gap area, with the exception of M californicus
(Tables.3.8 and 3.10). Activity or probability of detection increased with decreased
canopy closure for all Myotis (Table 3.8), as well as for M californicus and M

yumanensis (Table 3 .10). On the other hand, probability of detection for large bats
increased with canopy closure (Table 3.9). Overall, all bat activity and M yumanensis
probability of detection significantly increased with increased distance to water (Table
3.8 and 3.10).
Discussion

Measurements of Forest Structural Complexity
I found differences in structural complexity among stands of different ecosystem
zones and ages through the surrogate measurements of tree density and tree height.
Black cottonwood stands were more open than coniferous stands at the large tree level.
Black cottonwood and IDF stands contained a greater density of available snags, and
were taller than CWH and ESSF stands. Older forests are more open, taller and have
more snags that could serve as bat roosts.
Black cottonwood stands contained the highest density of small trees and the
lowest density of large trees. The lower density of large trees in black cottonwood
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stands, combined with their flat, diffuse crowns (Parish et al. 1996), allows a greater
amount of light to reach the forest floor, thus promoting growth of a dense shrub layer,
mainly of vine maple (Acer circinatum) and red osier dogwood (Cornus stolonifera).
Medium-aged black cottonwood stands had the highest density of available snags
compared to other ages and ecosystem zones. Black cottonwood trees are fast growing,
and are inherently associated with fungal decay (Peterson et al. 1996), so they can
produce many large snags. The lower density of available snags in old black cottonwood
stands likely occurred because dead trees had blown over, due to weakened roots from
heart rot (Peterson et al. 1996). The type of structure provided by medium-aged (and
probably old) black cottonwood forests (i.e. available roost sites combined with low
structural complexity) makes them appear especially attractive for bats.
In contrast to black cottonwood, the conifer-dominated stands in the IDF, CWH
and ESSF had lower densities of small trees combined with higher densities of large
trees. Dense conifers with their conical or columnar crowns create lower light conditions
at the forest floor; thereby decreasing the likelihood of successful seedling establishment
until the more open old-growth stage (Oliver & Larson 1990).
The decrease in large-tree density with an increase in forest age was most likely
due to the 12.5 cm dbh cut-off I used to separate large (main canopy) trees from small
(sub-canopy) trees. Although the dbh cut-off I chose was suitable for fast-growing black
cottonwood stands, a larger minimum diameter for large trees, such as 20 cm, would have
been more appropriate for all stand types. In the context of my definitions, the
relationship I observed between large-tree density and forest age agrees with the
literature; as forests age, they naturally thin (Oliver & Larson 1990). Thinning, as well as
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disease, pests, fire, drought and other forms of disturbance, probably assisted in
recruiting the greater snag density observed in medium-aged and old forests (Oliver &
Larson 1990).
Black cottonwood and IDF stands were taller than stands in other ecosystem
zones, probably related to fast growth of black cottonwood, and a longer growing season
at lower elevations (Green & Klinka 1994). Main tree canopy height increased with
stand age, a relationship that has been well documented (Oliver & Larson 1990).
My results demonstrate that black cottonwood stands are more open than
coniferous stands. In addition, old forests are more open, and contain more roosting
potential than young forests. As forests age, their structural complexity (clutter)
decreases, and available snag recruitment increases, making them potentially more
attractive to bats. I link these observed differences in spatial complexity to bat habitat
use, later in this chapter.

Remote Detection
The consistency in annual bat pass rates and foraging-buzz rates, combined with
the similarity in monthly mean temperatures between 2000 and 2001 from a nearby
weather station, helps justify pooling of the data. While 2000 was wetter at the Hope
Slide weather station, trends in the Skagit (large parts of which are in a rain shadow)
were not quantified. Qualitative record-keeping data indicate that fieldwork was affected
on more days due to precipitation in 2000, but that the two years were not dramatically
different. Capture data (Chapter 2) suggested that reproductive rates may have been
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lower in 2000, but beyond that there was no consistent effect of year on bat captures,
as was the case for bat activity or probability of detecting bats.
The simple graphical analysis of bat-species composition from echolocation data
revealed some basic patterns of habitat use among ecosystem zones, perhaps suggesting
differences in community structure. However, these trends are simplified, and more
detailed analyses, broken down by species and species groups, help to explain the
observed trends.
Only about 10% of identified passes were from species of large bats. Therefore, it
was not surprising that the analysis for all bats together was similar to that for Myotis
species. Likewise, more than half of identified Myotis passes were from M lucifugus/M
volans, and the results of analyses for these two species groups were similar. This lack of

independence among analyses for different species and species groups means that similar
trends in sub-groups should not necessarily be interpreted as increased evidence for
observed effects.
Overall, ecosystem zone and forest age affected habitat use, but not in the same
manner for Myotis species as for large bats. I predicted that bat activity in forests would
be higher in black cottonwood than in all other ecosystem zones because of their lower
structural complexity and frequent association with riparian zones. Within coniferdominated ecosystem zones, I predicted that activity would be highest in the lower
elevation IDF and lowest in the higher elevation ESSF. Within any given ecosystem
zone, I predicted that bat activity would increase with forest age because of decreasing
clutter and increased roost availability. I expected that forest age would have a stronger
effect on species of large bats than on Myotis species. Large, less manoeuvrable, fast-
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flying bats should be excluded from young forests, whereas the small, highly
manoeuvrable and agile Myotis should be able to use forests of all ages more readily. As
I predicted, Myotis species used black cottonwood more than coniferous ecosystem
zones, and they tended towards using lower elevation coniferous stands more than higher
ones. While Myotis species tended towards using older forests more than young ones, the
trends were not strong and often only occurred in one year. For large bats, I found no
consistent trend across ecosystem zone or forest age, but several factors suggest that these
species were detected above the canopy of some forest types, as opposed to within
forests.
Myotis species

Activity of Myotis species was highest in black cottonwood stands, perhaps due to
the structure and location of these stands. Being less dense, and having open, flat tree
crowns (Parish et al. 1996, Peterson et al. 1996), black cottonwood stands provide a
greater amount of open air space to bats than the coniferous forests of other ecosystem
zones. In addition, the common association of black cottonwood stands with riparian
floodplains (Peterson et al. 1996), make them potential prime locations of high insect
abundance. In support of this, the probability of detecting Myotis feeding buzzes was
highest in these Be forests. The concentration of insects on edges of windbreaks
probably occurs with riparian forests (Lewis 1970, Lewis & Dibley 1970, Lewis &
Stephenson 1966). Among the predominantly coniferous ecosystem zones, Myotis
activity may have been lower in the CWH and ESSF (than in the IDF) because of cooler
temperatures associated with these higher elevation sites. Flying insects are less active at

82
cool temperatures; each species has a particular minimum temperature threshold it
must reach before flight can occur (Heinrich 1981 ). The odds of encountering foraging

Myotis were low in coniferous zones, particularly in the ESSF, where feeding buzzes
were almost nil, suggesting that bats are not foraging in these higher elevation stands.
The increased activity of Myotis species with forest age was only observed in
2000. Furthermore, weak trends emerged for M californicus and M lucifugus/M volans,

M yumanensis, again only in 2000. Older forests should be more attractive to foraging
and roosting bats, because they are more heterogeneous and open than young forests, and
contain more snags, that can serve as diurnal roosts (Oliver & Larson 1990). Increased
bat activity in old forests has been reported previously (Crampton & Barclay 1998,
Perkins & Cross 1988, Thomas 1988). Although Thomas (1988) suggested that this
activity represented commuting passes to and from roosts, my foraging data show that
almost all foraging within forests occurred in old stands. Bats may be opportunistically
foraging as they commute to and from foraging areas (e.g. riparian zones), or they may be
actually using forests as foraging areas. Lactating female bats may decrease their
foraging distance from a maternity roost, presumably to return during the night to suckle
young (de Jong 1994, Racey & Swift 1985). Juvenile bats learning to forage may also
make shorter foraging trips from the roost (Adam et al. 1994, Racey & Swift 1985,
Wethington et al. 2001). All of these activities, in conjunction with greater roost
availability in older forest stands, would increase general (and foraging) activity in older
stands. I am unable to think of a plausible reason why this trend of increased activity
with forest age was only evident in 2000. High temporal variation, inherent in studies of
bat activity (Hayes 1997), may have contributed to the lack of an effect in 200 I.
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The effect of ecosystem zone and forest age on the probability of detecting M

lucifugus/M volans was not straightforward. The probability of detecting this species
group was highest in old IDF and CWH stands, lowest in old ESSF stands and showed no
trend with age in Be forests. This suggests that old IDF and CWH stands may be
particularly important as roost locations. In the ESSF, M lucifugus!M volans may not be
roosting in old stands in certain parts of my study area, but instead, may be opting for
buildings associated with a resort located within 5 km of many of my ESSF sites (Peter
Scherle, pers. comm.). Black cottonwood stands are very open, even when they are
young, so all ages of black cottonwood may be suitable for foraging.
In contrast to the aforementioned trends for all Myotis, the probability of
encountering M evotis was similar for all ecosystem zones, except for a markedly low
chance in the ESSF in 2000, which may have been due to the low number of sampling
nights in the ESSF that year. Apart from the ESSF in 2000, the lack of difference in the
probability of detecting M evotis among different ecosystem zones may relate to this
species' flexible foraging strategy. M evotis captures insects by aerial hawking and by
gleaning, and this flexibility may allow it to live and reproduce successfully at higher
elevations (Barclay 1991 ).
The lack of difference in the probability of detecting M evotis among forests of
different ages suggests that this manoeuvrable, gleaning bat may be less affected than
aerial foragers, by the greater structural complexity of younger forests. Conversely, if M

evotis roosts in the plethora of rock crevices and talus slopes in the Skagit, as it does in
other locations (Chruszcz & Barclay 2002, van den Driessche et al. 1999), Donald
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Solick, pers. comm.), older forests may not be as important as roost sites to M evotis
compared to other tree-roosting species.
Although black cottonwood stands were more important foraging locations than
coniferous ecosystem zones, and old forests were more important to foraging bats than
young or medium-age forests, bat commuting and foraging activity was much higher at
riparian sites than in forests for all Myotis species. Many insect species are associated
with riparian areas because they have an aquatic stage in their life cycle. In addition,
water bodies do not generally have as much clutter as forest interiors. Studies comparing
bat activity among different habitat types have found higher levels at riparian sites
(Holloway & Barclay 2000, Rydell et al. 1994, Vaughan et al. 1997a, Walsh & Harris
1996). Interestingly, the effect of riparian versus forest habitat type was least significant
on the probability of detecting M evotis. This bat commonly forages in forests and along
forest paths (Barclay 1991 ), perhaps a habitat preference associated with gleaning.
The decrease in Myotis activity in forests with increased temperature countered
my predictions, as well as previous research, which found a positive relationship (e.g.
Hayes 1997, Vaughan et al. 1997a, O'Donnell 2000). One explanation may be that

Myotis species move elsewhere to forage (e.g. riparian areas) when it is warmer. The
significant increase in activity with temperature at riparian sites supports this idea. Bats
may go for shorter foraging bouts when temperatures are cooler, staying close to roost
sites. The main contribution to the forest and riparian temperature trends was the M

lucifugus/M volans species group, for which the forest relationship was stronger in 2000,
and the riparian trend stronger in 2001. This was not surprising, considering that this
species group comprised more than half of the identified Myotis passes. M lucifugus
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mainly forages in riparian areas, whereas M volans is more commonly associated with
forests (Fenton & Bell 1979, Fenton et al. 1980, Warner & Czaplewski 1984, Whitaker et
al. 1977). These differences in foraging habitat preferences make emergent trends
difficult to interpret. M lucifugus occupies a wider range of habitats and elevations than
any other bat in British Columbia (Nagorsen & Brigham 1993), and M volans has been
cited as being very tolerant of cold temperatures (Fenton et al. 1983).
In contrast to the overall trend for Myotis in forests, the probability of
encountering M californicus in forests increased with temperature. M californicus has
been observed foraging at lower temperatures, but does not forage for very long bouts
(Simpson 1993), and in this study, was strongly associated with lower elevations and
warmer temperatures.
In forests, the chance of encountering all Myotis species (with the exception of M
californicus) increased with gap area. I did not initially expect that gap area would have
a strong effect on the probability of detecting M evotis because this manoeuvrable
species forages close to vegetation when gleaning. In retrospect, the use of gleaning (in
addition to aerial hawking) does not suggest that M evotis should prefer more closed
foraging situations. High manoeuvrability and agility does not exclude a bat from
foraging in the open (Brigham et al. 1997a). The influence of gap area was stronger in
IDF than in Be stands for M yumanensis, perhaps reflecting a greater importance of gaps
in the denser IDF. The lack of an effect of gap area on M californicus may relate to the
higher probability of encountering this species in the naturally more open black
cottonwood stands, where individual gap size is unimportant. Conversely, it may suggest
that this bat is less influenced by structural complexity than other species.

86
An increased level of bat activity or probability of detection with increased gap
area should be interpreted with caution. There is likely a maximum limit to a suitable
gap size for bats. For example, bat activity in the middle of clear-cuts is often low
(Grindal & Brigham 1999, Hogberg et al. 2002, Swystun et al. 2001). Previous studies
have shown that bat activity is often higher on edges (Clark et al. 1993, Grindal &
Brigham 1999, Menzel et al. 2002, Zimmerman & Glanz 2000), probably because clutter
is low and insect densities are high. Thus the edge may be more important than the gap

per se.
Gap area measured the forest gap, whereas canopy closure referred to the forest
stand surrounding the gap. Increased activity of Myotis with decreased canopy closure
agrees with their higher activity in Be and older stands. Lower tree density corresponds
with lower canopy closure (Oliver & Larson 1990), as was evident in black cottonwood
stands and old forests. In addition, a diffuse crown (such as with black cottonwood trees)
would result in lower canopy closure estimates.
Distance to water did not have a strong influence on detection probability among

Myotis species. Despite the fact that M yumanensis is considered a riparian forager, the
chance of detecting this species actually increased with distance to water. The most
plausible explanation for this is that M yumanensis roosts far from water, and the
recorded detections represent commuting from roost sites.
In summary, both ecosystem zone and forest age affected the activity or
probability of detection of Myotis species in forests. Although the Myotis species
occurring in the Skagit are manoeuvrable and agile, and can deal with clutter, it is more
energy efficient not to, in terms of flight costs (Brigham et al. 1997a). High
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manoeuvrability and agility do not limit a bat's habitat use to cluttered situations
(Brigham et al. 1997a, Fenton 1990). Some results suggest that structure plays a strong
role in determining habitat use by Myotis, while others do not, an indication of the
flexibility in bats of this genus.
Large Bat Species
The pattern of large bat presence across ecosystem zones was not the same as for
Myotis. The probability of detecting large bats was lowest in the IDF, perhaps related

both to stand density and height. Coniferous forests in the IDF are more cluttered than
deciduous black cottonwood stands. In addition, IDF stands were on average, 10 m taller
than other coniferous ecosystem zones. The high intensity calls of large bats flying at or
above canopy level may have been detectable in some of the shorter CWH and ESSF
stands, even after spreading loss and atmospheric attenuation are considered (Brigham et
al. 1997a, Patriquin et al. 2003). This possibility is supported by the higher probability

of detecting large bats in young forests and with increased canopy closure. Younger
forests are generally shorter (this study) and have higher canopy closure than older
forests (Oliver & Larson 1990), so detectors would more easily detect bats at canopy
level and above in young stands. In a previous study of vertical stratification of bat
activity, activity of L. cinereus (a large bat) was higher above the tree canopy than below
(Kalcounis et al. 1999).
The influence of covariates on the probability of detecting large bats was similar
to those on Myotis species. As expected, the probability of encountering large bats
increased with temperature, further supporting the link between this climatic variable and
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prey availability. The probability of detecting large bats increased with gap area, but
only within the IDF and CWH. The opposite trend was observed in Be and ESSF stands.
With the exception of the highly manoeuvrable C. townsendii, and to a lesser degree, the
manoeuvrable L. noctivagans, the large bats in this study are fast, relatively
unmanoeuvrable fliers, so they may be restricted from dense forests within the IDF and
CWH. Their flight style, combined with their longer, lower frequency calls, is well
suited to open-air foraging. The open structure of black cottonwood stands may nullify
the importance of individual gap size. In the ESSF, the density of large trees was similar
to that in the IDF and CWH, so the opposite trend with gap area is difficult to explain.
There was no effect of distance to water on the probability of detecting large bats. Large
bats forage in riparian locations, as well as above clearings and tree canopies (Barclay
1985, Brigham 1991, Fenton et al. 1980, Reith 1980). The open space associated with
riparian locations, and not the actual water, may be the more relevant factor for these
species.
Conclusions
Classification of bat echolocation calls to species was reasonably successful due
to sufficient interspecific variation in call morphology. Nonetheless, intraspecific
variation, especially within species of Myotis, did reduce the success of discriminant
function analysis. Bats of the genus Myotis have overlap in their call morphology, and
have similarities in their ability to deal with clutter (Kalko & Schnitzler 1993, Krusic &
Neefus 1996, Vaughan et al. 1997b), call-design flexibility (Obrist 1995), and phylogeny
(Parsons & Jones 2000). A higher sample size of reference calls recorded in locations
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that vary in structural complexity would better quantify variation within species, and
potentially serve to improve success in classification, or it could reveal greater
intraspecific variation, and reduce classification success. Despite error in classification,
discriminant function analysis provided a quantifiable, and therefore repeatable, method
of identifying bat species by their echolocation calls.
I hypothesized that bat activity in forests would be affected by ecosystem zone.
As predicted, black cottonwood stands were sites of higher activity for bats, particularly

Myotis species. Whether black cottonwood stands are important locations for roosting, in
addition to foraging, remains to be discovered. Roosting by bats in black cottonwood
may depend on cavity production by primary excavators, as it does for aspen (Kalcounis
& Brigham 1998). Lower structural complexity, combined with frequent association
with riparian areas, appears to make black cottonwood stands ideal foraging sites for bats.
The trend of decreased bat activity with increased elevation may have been due to the
lower activity of Myotis in the higher elevation ESSF, and higher activity in the lower
elevation IDF. In terms of foraging, forests in the ESSF appear fo be much less important
destinations than the IDF or CWH. Either Myotis species are moving nightly to lower
elevation foraging sites, or riparian areas are the nearly exclusive foraging sites for bats at
higher elevations. The lack of a pattern in the probability of detecting species of large
bats across ecosystem zones may have been related to biases associated with groundbased detectors, and differences in main tree canopy height among zones.
My prediction of increased bat activity with forest age was not strongly supported
for Myotis species. Older forests are important for roosting (Crampton & Barclay 1998,
Vonhof & Barclay 1996), and my data indicate that they are also more important than
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young or medium-aged forests for foraging Myotis. Although previous work has
documented the importance of older forests for preferred roost trees little has been done
on bat foraging in forests (Hayes 2003). As stand age increases, density of small and
large trees decreases, resulting in lower structural complexity. The density of available
snags is also higher in old (and medium-aged) stands. Therefore, older stands provide a
combination of lower clutter conditions and increased roosting potential for bats. The
higher probability of detecting large bats in young forests was counter-intuitive, and
again may have been an artefact of study design. My detectors pointed up at an angle of
30°, and they may have recorded the higher intensity calls of large bats flying over the
relatively short tree canopy of young forest stands.
Habitat type and complexity influence habitat use by bats (Aldridge &
Rautenbach 1987, Crome & Richards 1988, Furlonger et al. 1987). Despite their high
manoeuvrability and agility, and thus foraging flexibility, activity of Myotis bats followed
some of my predictions regarding forest structure. They can fly in cluttered situations,
but often forage in the open (Aldridge 1986, Brigham et al. 1997a). M evotis aeriallyhawks or gleans insects (Barclay 1991, Faure & Barclay 1992). For large bats,
predictions were largely not met, most likely due to confounding factors relating to
detection. Most large bats in the Skagit roost in forests, so studies attempting to
determine factors affecting habitat use by these species should be designed to focus on
them. Beyond structure, prey availability, which I did not measure in this study, plays an
important role in bat habitat use (Hayes et al. 1997, Holloway & Barclay 2000,
O'Donnell 2000).
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Overall, bat activity or probability of detection was much higher in riparian
areas compared to that in forest stands, suggesting that while forests are critical for
roosting, and play a role for foraging bats, riparian areas represent preferred foraging
destinations. Riparian zones appear especially important to Myotis at higher elevations,
where foraging in forests was lowest. My study may have underestimated the foraging
activity of bats in both forests and riparian areas. The lower chance of detection of
feeding buzzes by frequency-division systems such as ANABAT (Parsons et al. 2000),
and the behavioural tactic by bats of sometimes not emitting a buzz in attempts at prey
capture (Faure & Barclay 1992, Griffin 2002), may have led to underestimation of the
foraging activity, but this should have been the same in all areas.
Finally, environmental and micro-scale structural factors affect bat activity
(Grindal et al. 1999, Hayes 1997, O'Donnell 2000, Waldien & Hayes 2001, Walsh &
Mayle 1991), as I also found in this study. Ambient temperature, gap area, canopy
closure and distance to water are variables that influence bat activity and therefore,
should be accounted for in studies of bat habitat use.
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Table 3 .1. Age classes of trees in the three forest age groups used in this
study for the Be, IDF, CWH and ESSF ecosystem zones in the northern
Skagit watershed (Y=young, M=medium and O=old). Age ranges in
years are indicated in brackets. Age classes are from British Columbia
Ministry of Sustainable Resource Management (2002).
Age Class (yrs)

Be

IDF

CWH

ESSF

1 (1-20)

y

y

y

y

2 (21-40)

y

y

y

y

3 (41-60)

M

y

y

y

4 (61-80)

M

M

M

M

5 (81-100)

0

M

M

M

6 (101-120)

0

M

M

M

7 (121-140)

0

0

0

8 (141-250)

0

0

0

9 (251+)

0

0

0

Table 3.2. Descriptive statistics for echolocation call parameters of nine species of bats detected in the Skagit Valley, British
Columbia (n = number of bats). Mean± standard deviation (minimum - maximum) is displayed.
Species

n

Duration
(ms)

Minimum Frequency
(kHz)

Maximum Frequency
(kHz)

Mean Frequency
(kHz)

Corynorhinus townsendii

7

2.9± 0.3
(2.6-3.5)

25.8 ± 1.4
(23.7 - 27.7)

38.6 ± 0.9
(37.5 - 40.2)

30.3 ± 0.7
(29.4 - 31.3)

Eptesicus fuscus

20

5.8 ± 2.9
(2.6- 16.1)

27.2 ± 2.1
(22.6- 31.3)

44.2 ± 7.3
26.8-56.5)

31.9 ± 3.4
(24.6- 37.9)

Lasionycteris noctivagans

11

7.7 ± 3.5
(3.6- 14.8)

25.7 ± 1.0
(23.8 - 27.2)

36.6 ± 5.8
(28.0 - 47.2)

28.6 ± 1.8
(25.9 - 31.6)

Lasiurus cinereus

8

8.1 ± 1.0
(6.3-9.1)

22.4 ± 1.1
(20.4 - 23.8)

36.9 ± 6.5
(24.2 - 44.2)

25.8 ± 2.5
(21.5 - 29.5)

Myotis californicus

71

2.5 ± 0.8
(1.3 - 4.6)

45.5 ± 2.3
(39.9 - 52.0)

70.0 ± 7.3
(56.0- 93.7)

53.4 ± 3.5
(48.0 - 63.5)

Myotis evotis

20

2.5 ± 0.5
(1.6- 3.4)

35.8 ± 2.9
(31.4 - 44.0)

66.9 ± 9.5
(49.3 - 86.3)

46.4 ± 5.2
(40.4- 61.4)

Myotis lucifugus

64

3.4 ± 1.0
(1.4-5.4)

40.6 ± 2.2
(36.3 - 50.5)

63.4 ± 6.8
(50.2 - 80.1)

47.8 ± 3.5
(41.8 - 60.3)

Myotis volans

32

2.8 ± 1.0
(1.4 - 5.4)

40.9 ± 3.5
(34.3 - 47.5)

67.5 ± 8.9
(53.8 - 85.0)

49.7 ± 4.6
(42.1 - 59.3)

Myotis yumanensis

45

2.9± 0.6
(1.6 - 4.1)

47.7 ± 1.1
(45.6 - 50.9)

67.3 ± 3.4
(61.3 - 76.7)

54.1 ± 1.5
(51.1 - 58.5)
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Table 3 .3. Loading matrix of measurements of echolocation call morphology on
canonical (discriminant) functions from discriminant function analysis of large bats and
Myotis species, large bats as a group, and Myotis species as a group.
Parameter

Canonical (discriminant) functions

1

2

Large Bats vs. Myotis species
duration

-0.47

maximum frequency

0.75

mean frequency

0.98

minimum frequency

0.88

Large Bats
-0.11

0.73

maximum frequency

0.33

0.06

minimum frequency

0.85

-0.34

-0.01

0.79

maximum frequency

0.07

-0.66

minimum frequency

0.78

-0.62

duration

Myotis species

duration
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Table 3 .4. Jack-knifed classification summary of large bat species by quadratic
discriminant function analysis. Species' codes are as follows: Coto = Corynorhinus
townsendii, Epfu = Eptesicus fuscus, Laci= Lasiurus cinereus and Lano = Lasionycteris
noctivagans. Overall correct classification of 46 calls was 76.1 %.
Classified

Classified to:

%
correct

from:

Coto

Epfu

Laci

Lano

n

n
correct

Coto

6

0

0

1

7

6

85.7

Epfu

0

14

0

6

20

14

70.0

Laci

0

0

8

0

8

8

100

Lano

1

3

0

7

11

7

63.6

Table 3.5. Jack-knifed classification summary of Myotis species by quadratic
discriminant function analysis. Species' codes are as follows: Myca = Myotis
californicus, Myev = M evotis, Mylu = M lucifugus, Myvo = M volans and Myyu
yumanensis. Overall correct classification was 74.5% of 232 calls.
Classified

Classified to:

=

M

n

%

from:

Myca

Myev

Mylu

Myvo

Myyu

n

correct

correct

Myca

55

0

4

6

6

71

55

77.5

Myev

0

19

0

1

0

20

19

95.0

Mylu

3

2

45

14

0

64

45

70.3

Myvo

6

2

12

12

0

32

12

37.5

Myyu

3

0

0

0

42

45

42

93.3

96
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Figure 3 .1. First and second discriminant functions for reference echolocation calls from
Corynorhinus townsendii (Coto), Eptesicus fuscus (Epfu ), Lasiurus cinereus (Laci) and
Lasionycteris noctivagans (Lano) from quadratic discriminant function analysis on three
call-morphology parameters (minimum frequency, maximum frequency and duration).
Minimum frequency and duration were the most important variables in separating calls
based on discriminant functions 1 and 2, respectiv~ly. Ellipses represent 95% confidence
centroids.
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Figure 3 .2. First and second discriminant functions for reference echolocation calls from
Myotis californicus, M evotis, M lucifugus, M volans and M yumanensis from quadratic
discriminant function analysis on three call-morphology parameters (minimum
frequency, maximum frequency and duration). Minimum frequency and duration were
the most important variables in separating calls based on discriminant functions 1 and 2,
respectively. Ellipses represent 95% confidence centroids.

Table 3.6. Summary of ANOVA results for the comparison of small-tree, large-tree and available-snag density and main tree canopy
height among forests of different ecosystem zones and ages.
Source of Variation

Small-Tree
Density

model

F 11,46 =

ecosystem zone

F3,46=

2.24

age

F2,46 =

6.67

ecosystem zone x age

F6,46=

1.42

* P < 0.05, ** P < 0.01, *** P < 0.001

Large-Tree
Density

2.60

*

**

**
F3,78= 3.93 *
F2,1s = 3.88 *
Fu,78 =

F6,78=

2.82

1.65

Available-Snag
Density
F 11,46 =

8.84

F3,46 =

1.82

F2,46=

29.14

F6,46 =

***

***
4.59 **

Main-Canopy
Height

***
15.52 ***
35.7 ***
2.36 *

F11,16=
F3,76 =
F2,16 =
F 6,76 =

10.96
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Figure 3.3. Least square means(± SE) for density (stems per hectare) of a) small trees, b)
large trees and c) available snags in representative stands of the Be, IDF, CWH and ESSF
ecosystem zones, measured using the point-quarter distance method. In this and in
subsequent graphs, letters indicate the outcomes of Dunn-Sidak multiple comparisons.
Means with the same letter were not significantly different. Sample sizes for each
ecosystem zone (Be, IDF, CWH and ESSF) are: n=l 7, 14, 14, 13 for small trees and
available snags, and n=21, 18, 29, 22 for large trees. See Table 3.6 for statistical details.
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Figure 3.4. Least square means(± SE) for density (stems per hectare) of a) small trees, b)
large trees and c) available snags in representative young, medium-aged and old forest
stands, measured using the point-quarter distance method. Sample sizes for each forest
age (young, medium, old) are: n=21, 18, 19 for small trees and available snags, and n=30,
36, 34 for large trees. See Table 3.6 for statistical details.
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Figure 3.5. Interacting effects of ecosystem zone (Be, IDF, CWH and ESSF) and forest
age (young, medium, and old) on the density of available snags (least square means ± SE)
in representative forest stands. See Table 3.6 for statistical details.
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Figure 3.6. Interacting effects of ecosystem zone (Be, IDF, CWH and ESSF) and forest
age (young, medium, and old) on main tree canopy height (least square means± SE) in
representative forest stands. See Table 3.6 for statistical details.
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Table 3. 7. Mean monthly temperatures and total monthly rainfall for the Hope Slide,
British Columbia in 2000 and 2001. The Hope Slide weather station, located at 49°16'
N, 121 °14' Wand 674 m elevation, is the nearest Canadian weather station to the Skagit
watershed study area.
2000

2001

May

8.1

9.1

June

12.5

10.8

July

14.1

13.9

August

13.7

15.3

May

79.4

68.2

June

66.4

60.2

July

43.2

11.2

August

38.1

35.2

Mean temperature (°C)

Total rainfall (mm)

106

100%

s::=

n=1006

n=533

n=365

n=l78

75%

•

Large bats

•

M californicus

•

M evotis

•

M lucifugus/volans

.9

-~

U)

0

u 50%
0

-~u

U)

(I)

r/J.

25%

0%
Be

IDF

CWH

ESSF

Ecosystem zone

Figure 3. 7. Percent species composition, by ecosystem zone, of bat passes from forest
remote detection data identified using quadratic discriminant function analysis. Sample
sizes are indicated above bars.
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and riparian remote detection data identified using quadratic discriminant function
analysis. Sample sizes are indicated above bars.
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Table 3.8. Summary of ANCOVA results for the effect of year, ecosystem zone and
forest age on forest activity for the entire bat community, and for Myotis species.
Ambient temperature, gap area, distance to water and stand canopy closure were
covariates in the models. The following abbreviations have been used in the table: temp
(temperature), area (gap area) and dwater (distance to water).
Source of Variation

All Bats

Myotis

model

F29,134 = 4.97 ***

F2s 138 = 5.87 ***

year

F 1,134 = 0.53

F 1,138 = 0.03

ecosystem zone

F3 134 = 2.86 *

F3,l38 = 6.16 ***

age

F2,134 = 2.69

F2,13s = 4.54 *

temp

F 1,134 = 3.05

Fi,138= 4.10 *

area

F1134=ll.33**

Fi,138= 1.33

dwater

F1,134= 5.19 *

F1,l38= 2.99

canopy closure

F 1,134 = 0.81

F1,l38= 4.39 *

year x ecosystem zone

F3,134 = 4.42 **

F3,l38= 1.86

year x age

F2,134 = 1.76

F2,13s = 4.08 *

ecosystem zone x age

F6,134 = 1.6

F6,l38= 1.53

year x temp

F 1,134 = 0.58

ecosystem zone x temp

F3,134 = 2.05

'

'

'

temp x area

F1,13s= 3.91

temp x dwater

F t,138 = 4.81 *

area x dwater

F1,13s= 2.38

dwater x canopy closure

F 1,134 = 6.46 *

year x ecosystem zone x temp

F3,134 = 3.84 *

temp x area x dwater

*P < 0.05, **P < 0.01, ***P < 0.001

F1,Bs = 4.19 *
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Table 3.9. Summary of forest analysis using Type 3 generalized linear models
(GENMOD) for the effect of year, ecosystem zone and forest age on the probability of
encountering large bat species as a group and E. fuscus/L. noctivagans (Epfu/Lano).
Ambient temperature, gap area and canopy closure were covariates in the model. The
following abbreviations have been used in the table: temp (temperature), area (gap area)
and dwater (distance to water).
Source of Variation

d.f

All Large Bats

Epfu/Lano

year

1

X = 1.92

ecosystem zone

3

X = 0.22
2
x = 9.67

age

2

temp

1

*
x2= 8.42 *
x2= 6.47 *

area

1

x2= 0.45

canopy closure

1

2
x = 5.97

year x ecosystem zone

3

x2= 6.48

x2 = 1.39

year x age

2

x2= o.9

2
x = o.68

ecosystem zone x age

6

2
x = 5.62

x2=6.l8

age x temp

2

ecosystem zone x area

3

temp x canopy closure

1

* P < 0.05

2
x = 6.73
2
x = 8.76
2
x = 4.86

x2 = 3.1
2
x = 3.08

*

*
*
*
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Table 3.10. Summary of forest analysis using Type 3 generalized linear models (GENMOD) analysis on the effect of year, ecosystem
zone and forest age on the probability of encountering M californicus (Myca), M evotis (Myev), M lucifugus/volans (Mylu/vo) and
M yumanensis (Myyu). Ambient temperature, gap area, distance to water and canopy closure were original covariates in the models.
The following abbreviations have been used in the table: temp (temperature), area (gap area) and dwater (distance to water).
Source of Variation

df

Myca

Myev

Mylu/vo

Myyu

year

1

x2 = 6.23 *

x2 = 12.84 ***

x2 = 8.76 **

ecosystem zone

3

x,2= 8.55

x, = 16.68

age

2

temp

1

***
i= 6.42 *
x,2 = 4.11 *

x2 = 9.94 **
2
x, = 13.02 **

area

1

dwater

1

canopy closure

1

x2 =6.81 **

year x ecosystem zone

3

x, = 12.3

year x age

2

**
x2 = 19.67 ***

ecosystem zone x age

6

x,2 = 12.27

x,2= 8.57

* P < 0.05, ** P < 0.01,

*** P < 0.001

2

x, = 17.97

i=2.09

*

2

***

x,2 = 1.22

**
x2 = 24.32 ***
2

x, =8.08

x2= 14.17

***

x,2 = 0.67
2

x, = 11.45

i= 6.64 *

2

x,2 = 0.35

**

x2 = 0.79

*
x,2=12.83 *
2

x, = 6.58

***
x2 = 14.73 ***
2
x, = 15.95 ***
2

x, = 22.98

i= 4.57
2

x, = 14.09

***

x,2 = 5.79
... continued

Table 3.10 Continued.
Source of Variation

dj

year x temp

1

ecosystem zone x temp

3

ecosystem zone x area

3

age x area

2

year x dwater

1

year x canopy closure

1

temp x dwater

1

area x dwater

1

* P < 0.05, ** P < 0.01, *** P < 0.001

Myca

Myev

Mylu/vo

i= 8.58 **

x2 = 13.93 **

x2 = 14.06 ***
x2 =8.74 **

Myyu

i= 13.35 **
i= 7.09 *
xz= 7.4 **
x2 =7.32 **

i = 15.33 ***
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Figure 3 .16. Least square mean(± SE) probability of detection for a) M californicus, b)
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Table 3.11. Summary of forest analysis using Type 3 generalized linear models
(GENMOD) for the effect of year, ecosystem zone and forest age on the probability of
encountering foraging Myotis species. Ambient temperature, gap area, distance to water
and canopy closure were original covariates in the model. Gap area has been abbreviated
to area.

x

Source of Variation

d.f

year

1

0.85

ecosystem zone

3

21.71

age

2

3.84

area

1

7.72

year x age

2

**
8.10 *

ecosystem zone x age

6

5.14

age x area

2

6.93

* P < 0.05, ** P < 0.01, *** P < 0.001

value

*

***
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Figure 3.20. Least square mean(± SE) probability of detection of foraging buzzes for
Myotis species in black cottonwood (Be), Interior Douglas-fir (IDF), Coastal Western
Hemlock (CWH) and Engelmann Spruce-Subalpine Fir (ESSF) forests.
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Table 3.12. Summary of ANCOVA results for the effect of year, ecosystem zone and
type (forest or riparian) on activity for the entire bat community and for Myotis species.
Ambient temperature (temp) was a covariate in the models.
Source of Variation

All Bats

model

F9128=
13.48
'

r2

Myotis

***

F9,128 = 12.97

0.49

0.48

year

F1,12s = 2.08

F 1,12s = 1.53

ecosystem zone

F2,12s = 0.41

F2,12s = 0.20

type

F1,128= 107.73

temp

F1,128 = 7.23

year x ecosystem zone

F2,12s = 0.62

F2,12s = 0.27

ecosystem zone x type

F2,12s = 0.93

F2,12s = 1.36

***

***

F1,12s= 100.00

**

F1,12s= 4.37

***

*

* P < 0.05, ** P < 0.01, *** P < 0.001

Table 3.13. Summary of analysis using Type 3 generalized linear models (GENMOD)
with a binomial distribution for the effect of year, ecosystem zone and type (forest or
riparian) on the probability of encountering large bat species and the E. fuscus/L.
noctivagans species group.
Source of Variation

d.f

All Large Bats

Epfu/Lano

year

1

X = 0.27

ecosystem zone

2

type

1

X = 0.06
2
x = o.84
2
x = 12.1 o

year x ecosystem zone

2

x2 = 1.83

x2 = 0.45

ecosystem zone x type

2

xz= 1.63

x2 = 2.54

*** P < 0.001

x2= 1.10

***

2
x = 17.31 ***

127
a) Myotis species

A

•

125

Forest
Riparian

100
;:I
0

...s:::

75

(l.)
Cl)

(l.)

Cl)
Cl)

ro

50

0-t

25
0

IDF

I

CWH

ESSF

Ecosystem zone
b) Large bats
1.00
i:::

.9
....
u
(l.)

....

•

0.75

(l.)

"'O
<+-.
0

....>-.
:.:::l

0.50

:E
ro

,.0

0

0-t

0.25

I

I

I

0.00 ...___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
IDF

CWH

ESSF

Ecosystem zone
Figure 3.22. Least square means(± SE) of a) activity of Myotis species, and b)
probability of detecting large bats in forests and riparian sites of the Interior Douglas-fir
(IDF), Coastal Western Hemlock (CWH) and Engelmann Spruce-Subalpine Fir (ESSF)
ecosystem zones. Dunn-Sidak multiple comparisons revealed no significant differences
among ecosystem zones.

Table 3.14. Summary of analysis using generalized linear models (GENMOD) with a binomial distribution for the effect of year,
ecosystem zone and type (forest or riparian) on the probability of encountering M californicus (Myca), M evotis (Myev), M
lucifugus/volans (Mylu/vo) and M yumanensis (Myyu). Ambient temperature (temp) was a covariate in the original models.
Source of Variation

df

Myca

Myev

Mylu/vo

Myyu

year

1

'X = 5.25 *

2

x.2=4.07

type

1

x_2 = 34.31 ***

'X = 5.44 *
2
x = 3.82
2
x = 36.30 ***

'X = 2.86

ecosystem zone

'X = 5.22 *
2
x = 0.10
2
x = 3.88 *

temp

1

2
x = 2.53

year x ecosystem zone

2

x.2= 3.18

ecosystem zone x type

2

year x temp

1

x.2= 1.00
2
x =46.41***

2
x = o.96
x_2 = 9.53 **

x2= 1.54

2

x = 2.os

x.2=4.24
2
x = 3.87 *

2
x =4.13*

* P < 0.05, ** P < 0.01, *** P < 0.001

.......
N

00
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Table 3.15. Summary of analysis using Type 3 generalized linear models (GENMOD)
for the effect of year, ecosystem zone and type (forest or riparian) on the probability of
encountering foraging Myotis species. Ambient temperature was a covariate in the
model. Temperature has been abbreviated to temp.
Source of Variation

d.f

x

value

year

1

0.07

ecosystem zone

2

1.38

type

1

15.62

temp

1

1.00

year x ecosystem zone

2

0.97

type x temp

1

5.90

***

*

* P < 0.05, ** P < 0.01, *** P < 0.001

Table 3 .16. Summary of alternative analysis using Type 3 generalized linear models
(GENMOD) for the effect of year, ecosystem zone and type (forest or riparian) on the
probability of encountering foraging Myotis species. To compare probability of detecting
foraging Myotis among forest and riparian ecosystem zones, the interaction, 'ecosystem
zone x type' was included. The interactions 'year x ecosystem zone' and 'type x temp'
had to be excluded due to lack of degrees of freedom in the model.
Source of Variation

df

x

value

year

1

0.15

ecosystem zone

2

2.16

type

1

33.65

ecosystem zone x type

2

6.68

* P < 0.05, ** P < 0.01, *** P < 0.001

*

***
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Figure 3.23. Least square mean(± SE) the probability of detecting foraging Myotis
species in forests and riparian sites of the Interior Douglas-fir (IDF), Coastal Western
Hemlock (CWH) and Engelmann Spruce-Subalpine Fir (ESSF) ecosystem zones. Values
were generated from generalized linear models analysis. See Table 3 .16 for statistical
details.

131
CHAPTER FOUR
CONCLUSIONS AND MANAGEMENT RECOMMENDATIONS
Synthesis

The bat community in the northern Skagit watershed is diverse, with eight (or
nine including M keenii) species. Mistnetting and remote ultrasonic detection, as
methods of determining the presence of particular species and the relative composition
across ecosystem zones, produced some conflicting results (Figure 4.1 ). Mistnetting was
biased against capture of species oflarge bats (C. townsendii, E. fuscus, L. cinereus and

L. noctivagans), as they comprised a much smaller percentage of the species composition
than in the detection samples. Ground-based mistnets are biased against species that fly
at higher altitudes (e.g. E. fuscus, L. cinereus and sometimes L. noctivagans, Kunz and
Kurta 1988). As well, some species are more adept at perceiving and avoiding nets (e.g.

C. townsendii and M evotis). Higher percentages of certain species from mistnetting
may reflect a bias associated with nets deployed mainly on trails and water bodies, or
simply that these species are more easily captured by mistnetting than others. In addition,
the availability of certain types of netting sites may have differed by ecosystem zone.
The observed differences between sampling techniques may also reflect variation in
habitat use by individual species within a particular ecosystem zone. For instance, a
species may vary flight heights or use of certain structural features depending on the
ecosystem zone.
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Habitat type and complexity also influence the ability to detect ultrasound,
and therefore may bias bat activity as measured using ultrasonic detectors (Patriquin et al.
2003 ). M evotis was most likely underestimated in both types of capture because it is
very manoeuvrable (Barclay 1991, Manning & Knox Jones Jr. 1989), and emits low
intensity echolocation calls that are less detectable than those of other species (Faure &
Barclay 1992).
Variation in techniques used to study bat diversity and distribution can confound
questions about habitat preferences (Furlonger et al. 1987). Large variation inherent in
studies of bat habitat use necessitates large sample sizes to unequivocally determine
preferences; however, sample size will not remove inherent bias associated with different
sampling techniques (Hayes 1997). The differences observed between mistnetting and
remote detection in my study indicate the importance of using more than one method to
sample bat diversity, distribution and habitat use (Mills et al. 1996, Murray et al. 1999,
O'Farrell & Gannon 1999). Conclusions drawn from studies that use a single method of
sampling may be spurious; therefore management decisions should not rely heavily upon
them.
Discriminant function analysis, as a method of identifying bat echolocation calls
to species, is repeatable and quantifiable (Krusic & Neefus 1996, Murray et al. 1999,
Vaughan et al. 1997b), and the success of call classification in my study was comparable
to that found elsewhere (Krusic & Neefus 1996, Murray et al. 1999). Improvements in
classification may occur with an increased number of reference calls of known species
recorded in a variety of clutter situations. Type of detection system (e.g. time expansion),
and removal of the tape recording medium may improve quality of calls and therefore
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identification (Parsons et al. 2000, Russo & Jones 2002). Use of artificial neural
networks may further increase identification success (Parsons 2001, Parsons .& Jones
2000). However, advances in technology will not improve identification ability for
species that produce identical calls.
All unknown calls submitted to discriminant function analysis were identified as
the species assigned the highest probability. Although less than 4% of bat passes were
identified based on a probability :S 0.5, some researchers may find this approach too
liberal. A more conservative approach, such as identification based on a probability of
0.8 or higher, as suggested by Russo (2002), or leaving some calls with low probabilities
as unidentified (Betts 1998), may be warranted. The downside of this is that studies
examining habitat use by species would require a large sample size to compensate for
data that could not be used because of low probabilities. The degree of conservatism
depends on the goals of project, the management decisions to be made, and the costs of
misidentification.
Climatic variation is an important extrinsic factor influencing community
structure of forest-dwelling bats (Cryan et al. 2000, O'Donnell 2000). In the Skagit
watershed, bat community structure was affected by climatic variation, but not always in
ways that I predicted. Bat species diversity did not decrease with increased elevation as I
predicted, probably because the elevational range of my study was much narrower than
that of studies that found such effects (Graham 1983, Owen 1990). Increased variance in
elevation is associated with a greater number of habitat types, which affects bat species
richness (Owen 1990). Bat species composition did vary with elevation, reflecting
differential flexibility among species in their foraging strategies and tolerance to harsher
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environments. Both M lucifugus and M evotis occupy a wide range of elevations,
and M evotis forages by both aerial hawking and gleaning, a strategy that may allow it to
live in less favourable environments (Barclay 1991). M californicus, on the other hand,
was strongly associated with valley bottoms, despite its occurrence across a wide range of
elevations (Fenton et al. 1980).
Lack of observed sexual and reproductive partitioning of bats by elevation may
also have been a reflection of the relatively narrow elevational range of my study.
Furthermore, bats may be roosting in the higher elevation ESSF and flying down nightly
into the IDF to forage. Although data on distances between foraging sites and roost
locations are lacking for the Skagit, it is conceivable that bats travel through several
different ecosystem zones in a night. Small sample sizes precluded me from analyzing
variation in reproductive class by species. My capture data from higher elevations was
swamped by the wide-ranging M lucifugus. The sexual and reproductive partitioning
observed in other locations (Cryan et al. 2000, Grindal et al. 1999) may occur for other
species in my study area.
Ecosystem zone and forest age play a role in habitat use by bats in the Skagit
watershed, particularly for Myotis species. Differential habitat use by ecosystem zone
and forest age often appeared to be related to structural complexity. However, there were
species of Myotis for which structural complexity did not always play a role, suggesting
flexibility in flight and foraging. In addition, a greater sample size, and therefore more
power, may have assisted in detecting differences that were only weak trends in this
study. In contrast to Myotis, habitat use by species of large bats was not clearly linked to
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ecosystem zone and forest age. The results for large bats may have been confounded
by the possibility of detecting these species flying above the forest canopy.
The four species of large bats in the Skagit vary considerably in their foraging
style. L. cinereus and E. fuscus use long, intense, low frequency echolocation calls, and
they fly fast, and forage in open areas. Although L. noctivagans has a very similar call to

E. fuscus, it is more manoeuvrable, so it may exploit more cluttered situations. C.
townsendii is a highly manoeuvrable species whose shorter FM calls are more adapted for
the cluttered situations in which it aerially hawks and perhaps gleans. Such variation in
flight ability and foraging style was masked when these four species were lumped
together.
Black cottonwood forests appear to be particularly important for Myotis foraging
activity in forests, and they may provide good roosting habitat. Their low structural
complexity and frequent association with riparian zones make black cottonwood stands
ideal foraging sites for bats. Within coniferous zones, the trend of decreased activity with
increased elevation emerged for Myotis species. Older forests are important to Myotis
species, presumably for roosting purposes; however, there was also a much higher
probability of encountering Myotis foraging in old than in young or medium-aged forests.
Older stands contain a higher density of available snags, combined with lower structural
complexity, so they may be ideal for shorter foraging bouts for certain individuals (e.g.
lactating females, newly volant juveniles).
Foraging activity in forests is low in comparison to riparian areas (Thomas 1988,
Krusic et al. 1996, this study). Overall, bat activity or probability of detection was much
higher in riparian areas, suggesting that while forests are critical for roosting, and play a
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role for foraging bats, riparian areas represent favoured foraging sites. Riparian zones
appear especially important to Myotis at higher elevations where foraging in forests was
lowest. Gap area, ambient temperature, canopy closure of the surrounding stand and
distance to water all influenced bat activity probability of detection to varying degrees.
Within forests, gaps are important structural features (Crome & Richards 1988). Higher
resource abundance associated with forest gaps attracts foraging forest birds (Blake &
Hoppes 1986). The influence of ambient temperature was variable, indicating that some
bats may shift foraging habitat with temperature. Canopy closure and distance to water
influenced bat habitat use in a minor way.
Among the five species of Myotis, small interspecific differences in wing
morphology may translate to differential habitat use by species, but these were not
measured in this study. The less manoeuvrable species of large bats (L. cinereus and E.
fuscus) may have avoided forest interiors altogether. To the extent that I was able, I
examined bat habitat use in relation to morphology, echolocation call design and foraging
strategy. Limitations in achieving this objective relate to masking of variation in foraging
strategies among species through necessary lumping into species groups. Nevertheless,
some patterns of bat habitat use followed predictions, and may be explained by individual
species morphology, echolocation call design and foraging strategy.

Recommendations /or Future Research
A recent review has indicated that studies of the effects of forest composition on
bats are lacking (Hayes 2003). The importance of black cottonwood stands as foraging,
and perhaps roosting, locations for bats should further be determined. A comparison of
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bat habitat use in coniferous and cottonwood forests next to riparian areas may
elucidate whether black cottonwood is important because of its lower structural
complexity or its riparian association.
The importance of forests, especially older stands, to foraging bats is largely
undetermined, despite their seemingly small role in comparison to riparian areas.
Furthermore, the underestimation of foraging activity (because of lower detectability of
foraging buzzes, and lack of stringent use of buzzes in prey capture attempts) needs to be
quantified.
Further studies should concentrate on bat summer home ranges. How far do bats
travel between roosting sites and foraging areas within intact ecosystems? Determining
the activity areas of bats (roosting and foraging) within the same watershed could help
elucidate local movement patterns. Size of a species' foraging area has been related to
insect abundance (de Jong 1994). Although I did not measure prey abundance, studies
that measure this factor will be able to determine its importance, especially in relation to
structural complexity. In terms of foraging and roosting habitat, comparisons of resource
use to resource availability should be attempted to help determine if preference for
specific habitats is indeed occurring.
Finally, I recommend that studies of bat habitat use should combine different
sampling techniques. Mistnetting and remote ultrasonic detection produced varying
results, indicating that bias associated with each sampling technique. In addition, studies
that identify species by echolocation call should employ quantitative and repeatable
methods such as discriminant function analysis, so that degree of certainty can be stated
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and individual subjectivity associated with species identification can be reduced or
removed.

Management Recommendations
For bats in forests of southwestern British Columbia, I make the following
management recommendations:

1) Black cottonwood stands should be maintained, especially where they are associated
with riparian areas. These stands have lower amounts of structural complexity that
make them ideal foraging sites for bats. Black cottonwood, like aspen, may also
provide roosting opportunities to bats via cavities previously made by primary cavitynesters such as woodpeckers.

2) Old forests are important to foraging (this study) and roosting (literature) bats and
therefore, should be maintained across the landscape. Although my study did not
directly study roost selection, there are several examples in the literature stating that
preferred bat roosts are most commonly associated with older forests. Roosts are
ephemeral; therefore, forest management should take this into consideration to ensure
a continual recruitment of suitable roosts. A heterogeneous landscape containing a
variety of stand ages may help to ensure a continual recruitment of snags. Although
habitat heterogeneity may be important, Hayes (2003) points out that the degree of it
depends on the level of stand management being applied. Within a particular stand, a
long rotation cycle may ensure that trees reach the age where a high density of
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suitable roosts is present. My measurements of available snag density indicated
that medium-aged stands contained the most snags, but one should keep in mind that
although these snags were measured based on certain criteria from the literature, they
are not automatically suitable roosts for bats. Furthermore, old stands were less
structurally complex than medium-aged stands, likely contributing to the higher bat
activity associated with older forests.

3) Finally, although the scope of my project did not directly compare effects at the stand
and ecosystem level, patterns observed in this study suggest that ecosystem-level
management is more appropriate for bats than stand-level management. Until greater
knowledge of bat activity areas is gained, it will be difficult to deduce, for example,
the important of distance between roosts and foraging sites. Often, valley bottoms are
logged first, potentially creating a greater distance between bat roosts and foraging
areas.
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