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ABSTRACT 

The short-term effects of forest harvesting on forest-dwelling bats have received 

considerable attention. However, knowledge about the long-term effects are also 

essential to better conserve forest-dwelling bat populations in North America. As 

vegetation regenerates over time post-harvest, changes created by harvesting (e.g., 

cutblocks and forest edges) will blur and eventually disappear with natural forest 

regrowth. Long-term effects of forest harvesting could thus differ from short-term effects 

on forest-dwelling bat species. To evaluate changes in habitat use by an insectivorous bat 

community in response to forest harvesting over time, I repeated a study (Grindal and 

Brigham 1999) conducted near Nelson, British Columbia, Canada. Grindal and 

Brigham’s principal objective was to evaluate bats’ use of habitats created by or left after 

clear-cut logging using acoustic detectors. I revisited the same exact locations 20+ years 

later to determine how bats use the forest regrowth of these habitats. As was done in 

1993-94, I assessed bat community activity and insect community composition (bat prey) 

in three habitats types (i.e. cutblocks, forest edges, unlogged forests) in combination with 

different habitat features at landscape and local scales. I found that insect community 

composition within regenerating cutblocks and along forest edges, when compared to 

adjacent old-growth forests, showed signs of recovery suggesting the movement of the 

community towards a new equilibrium. I found that the bat community had modified its 

use of the same disturbed areas since 1993. My results suggest that clutter and open-

adapted bats mostly foraged and commuted above the canopy of dense and cluttered 

forest regrowth of regenerating cutblocks and along the remaining vertical forest edges. I 

also found that clutter-adapted bats flying within vegetation mainly used old-growth 

forests to forage and commute. By using a different approach than previous studies my 
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research proposes a time and cost-effective way to enhance our knowledge about 

changes of bat habitat use over time in a dynamic environment. 
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CHAPTER ONE- GENERAL INTRODUCTION 

 

1.1 BACKGROUND 

The success of wildlife management depends in part on understanding an organism’s 

habitat use patterns within a specific environment and the effects of natural and 

anthropogenic habitat disturbances on these patterns (Krausman 1999). In a wildlife 

management context, habitat can be defined as the “sum of specific resources and 

conditions in an area that produce occupancy (i.e. survival and reproduction) by a given 

organism” (Hall et al. 1997). The way the organism uses these resources and conditions 

is called habitat use (Hall et al. 1997). In the context of the global species extinction 

event caused mostly by an increase in habitat disturbances due to human land uses 

(Tilman et al. 1994, Dobson et al. 1997, Newbold et al. 2015), there is an urgency to 

increase sustainable wildlife management practices to limit the influence of human 

habitat disturbances on declining animal populations. However, over the past several 

decades, a lack of advancement about wildlife-habitat relationships remains (Morrison 

2001) partly because of confusion and ambiguity of terminology about “habitat” that 

persists in the literature (Hall et al. 1997)  and because habitat disturbance effects on 

these relationships are complex and thus difficult to evaluate (Haddad et al. 2015, De 

Palma et al. 2018). Habitat disturbance influences organisms habitat use patterns by 

modifying the quality of the available habitats which influences movements of 

individuals in the disturbed environment (reviewed in Ewers and Didham 2006), and 

thus affects population persistence and recovery after disturbance (Lindenmayer et al. 

2006, Fischer and Lindenmayer 2007).  
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Time since habitat disturbance influences the response of organisms to disturbed 

habitats, but its effects are still not well understood (McGarigal and Cushman 2002, De 

Palma et al. 2018). Short-term effects of habitat disturbance can differ from the long-

term effects. Generally, shortly after disturbance, most species that survive the 

disturbance find refuge in the undisturbed areas, which increases species richness within 

these areas (Debinski and Holt 2000). When the disturbed matrix surrounding the 

undisturbed areas naturally regenerate after disturbance, time since disturbance leads to 

changes in the complexity of the different communities of organisms that will colonize 

the recovering matrix (e.g., Rossetti et al. 2017) and in the way the organisms will use 

this matrix (e.g., Adams et al. 2009). This naturally regenerating environment can 

ultimately support an increase in the number of species towards a new equilibrium that 

could resemble to the one found in the undisturbed areas (e.g., Summerville 2011).  

Many studies have evaluated the long-term effects of habitat disturbance causing 

changes in habitat use of organisms by using chrono-sequences comparing sites of 

different ages but similar land-use histories (Machunter et al. 2006, Law et al. 2016). 

However, the high variability of biotic and abiotic conditions, and biodiversity trajectory 

that may be present among sites and the relatively small time-window used to assess 

complex changes occurring in the way organisms use habitats over time, may limit the 

power of this approach (De Palma et al. 2018). On the other hand, long-term continuous 

studies, also called longitudinal studies, are an ideal tool to track changes in the 

organisms responses to environmental changes generated by habitat disturbance 

(Lindenmayer et al. 2012b, Law et al. 2016, Law 2018). However, undertaking this type 

of research is challenging because important investments of time and money are 
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necessary to create and maintain them over time (Lindenmayer et al. 2012b). Thus, 

different approaches, such as comparisons of snapshots represent compromises allowing 

the exploration of temporal variation of habitat use by organisms in disturbed 

environments. To date, few studies have used this approach in animal ecology (although 

see Fleishman and Mac Nally 2003, Machunter et al. 2006).  

The aim of my study was to use the snapshots approach to evaluate the long-term 

effects of forest harvesting, an important habitat disturbance, on insectivorous bat habitat 

use. To do so, I replicated a study that was undertaken 20+ years ago in the West Arm 

Demonstration Forest near the city of Nelson (British Columbia, Canada) on bat habitat 

use shortly after clear-cutting. I sampled at the same precise sites as the original study. 

The specific objectives of my research were to: 

1) Use insect (bat prey) community composition (i.e. insect richness and biomass) 

as an index to evaluate the state of recovery of the three habitat types available 

for bats in the disturbed area (i.e regenerating cutblock, regenerating forest edge, 

unlogged forest) by assessing the effects of different broad and fine scale habitat 

features on the composition of this community, and also comparing my findings 

to the patterns in the results found 20+ years ago. 

2) Assess changes in the quality of the three habitat types available for bats (i.e 

regenerating cutblock, regenerating forest edge, unlogged forest) over time by 

evaluating the influence of different broad and fine scale habitat features on bat 

activity within these habitats, and secondly comparing my findings to the patterns 

in the results found 20+ years ago. 
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CHAPTER TWO – ON THE WAY TO RECOVERY? LONG-TERM EFFECTS OF 

FOREST HARVESTING ON INSECT COMMUNITY COMPOSITION 

2.1 INTRODUCTION 

Habitat disturbance affects organisms in many ways depending on the nature of the 

disturbance and the ecology of the species in question (Pickett and White 1985). 

Anthropogenic landscape disturbances, such as forest harvesting, are currently one of the 

most important phenomena that are driving worldwide changes in biodiversity (Chapin 

et al. 2000, Foley et al. 2005, Newbold et al. 2015). Forest harvesting can affect species 

and ecosystems in different ways: by fragmenting the habitat, simplifying forest 

communities, and by altering age-class distributions, tree species and stand structure 

(Austin et al. 2008). Forest harvesting can also generate temporary or permanent habitat 

loss for many species (Bender et al. 1998).   

Given the continual need to improve and enhance sustainable forest management 

practices, there has been growing interest in assessing the effects of forest harvesting on 

biodiversity to maintain ecosystem processes across managed landscape (Lindenmayer et 

al. 2012a, Nolet et al. 2018).  Among the different potential bioindicators used to 

monitor these ecosystem changes and habitat modifications, invertebrates such as 

terrestrial arthropods may be particularly good environmental and ecological 

bioindicators. Their small body size enhances their sensitivity to local habitat disturbance 

while their short generation time and fast growth rate result in rapid numerical responses 

to disturbances (Kremen et al. 1993, Samways et al. 2010). Moreover, terrestrial 

arthropods contribute significantly to ecological function (Losey and Vaughan 2006) and 

are an important component of ecosystems because they represent an essential food 
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source for many vertebrate organisms (Maleque et al. 2006), like reptiles, birds, and 

mammals, including bats. 

Modifications of habitat structure caused by habitat disturbance can potentially 

generate changes in the trophic interactions involving terrestrial arthropods in food webs 

(Guimarães et al. 2014, Martinson and Fagan 2014). Disruptions in trophic interactions 

can break the association between specialist insect herbivores and their host plants 

(Chávez-Pesqueira et al. 2015, Rossetti et al. 2017) and/or insect predators (Nouhuys 

2005, Anton et al. 2007, Hicks et al. 2015). Disruptions of trophic interactions can thus 

cause important disequilibria in the insect community that can be favorable or 

detrimental for community recovery after habitat disturbances (Tscharntke and Brandl 

2004).  

Like many other organisms, responses of terrestrial arthropods to local selection 

pressure created by habitat disturbances may vary according to multiple life-history traits 

such as dispersal ability, trophic level and niche breath (Ewers and Didham 2006). In 

general, terrestrial arthropod species with good dispersal abilities (Öckinger et al. 2010, 

Marini et al. 2014), at lower trophic levels (Holt et al. 1999, Tscharntke et al. 2002, 

Tscharntke and Brandl 2004), and/or with a broad niche breadth (Henle et al. 2004, 

Cagnolo et al. 2009) are predicted to be less affected by habitat disturbance because they 

are more likely to adapt to changes.  

Time since disturbance can also influence the responses of terrestrial arthropods 

to habitat change resulting from forest harvesting. At a local scale, natural forest 

regeneration in disturbed habitats generates changes in the forest microclimate which 

allows the gradual reestablishment of mature forest plant species (Baker et al. 2014, 
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Dovčiak and Brown 2014) which can enhance the structural complexity in the forest 

(Franklin et al. 2002).  These changes in the environment may have significant effects on 

the insect community recovery (Niemelä et al. 2007, Fountain-Jones et al. 2015) as more 

complex vegetation structure should allow for increased complexity of insect 

communities (Rossetti et al. 2017). Greater structural complexity allows more diversity 

of niches and higher complexity of inter-specific interactions within an insect 

community (Rossetti et al. 2017). These changes occurring over time allow the insect 

community to converge on a new stable state (Summerville et al. 2009) that could 

resemble to the unlogged forest assemblages (Niemela et al. 1993, Stenbacka et al. 

2010).  

In addition to these local scale features, landscape scale features such as the 

elevation of harvested areas can also have an important influence on the recovery of the 

insect community in these areas. The climatic or abiotic differences found among the 

elevational zones in an area controls the growth rate of vegetation in regenerating forests 

(MacKillop and Ehman 2016) which ultimately alters the local scale mechanisms (i.e. 

forest stand microclimate, and structural complexity) influencing the insect community 

reestablishment in the disturbed areas. 

The purpose of my study was to examine the long-term effects of openings 

created by forest harvesting on insect community composition.  I first specifically 

explored how insect richness community composition in western temperate forests of 

North America are influenced by environmental features in naturally regenerating 

cutblocks and the adjacent remnant forests at local and landscape scales. I hypothesized 

that local and landscape scale features would both be important predictors for the insect 
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community composition. I predicted that insect richness and biomass would be 

influenced by the precise same features. 

I also evaluated whether changes over time in naturally regenerating cutblocks can 

affect insect richness and biomass. To do so, I compared the general trends found in 

insect community composition in naturally regenerating cutblocks, relative to adjacent 

forest edges and unlogged forests, with those reported by Grindal and Brigham (1999) 

from the same study area. In 1993-94, Grindal and Brigham estimated insect richness 

and biomass in the same disturbed areas (recently logged at that time), forest edges and 

unlogged forests, near Nelson, British Columbia. They found that insect richness and 

biomass were lower in cutblocks relative to forest edges and unlogged forests. They also 

found a total of five insect orders in the cutblocks with coleopterans and hymenopterans 

being absent in the cutblocks. 

   Based on these findings, I hypothesized that 20 to 60 years after timber harvest, the 

insect community would have recovered from the disturbance associated with clear-

cutting. I further predicted that: 

1) Insect richness and biomass would be higher in naturally regenerating cutblocks 

relative to forest edges and unlogged forests 20-60 years after timber harvest as 

the naturally regenerating forest offers both structural complexity as well as a 

microclimate attracting open habitat/generalist insect species which are found in 

multiple insect orders.  

2) More insect orders will be present in naturally regenerating cutblocks 20-60 years 

after timber harvest as areas in advanced stages of natural regeneration have an 

increase in structural, and therefore insect community, complexity.                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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2.2 METHODS  

To allow for direct comparisons, my methodology followed Grindal (1995) and Grindal 

and Brigham (1999) as closely as possible, with the notable exception of shifting my 

means of sampling from suction traps to light traps . Each trap type is known to be 

biased towards a particular insect type or behaviours (Kunz 1988). As a result, I only 

examined trends in the data between my results and Grindal and Brigham’s study, rather 

than absolute measures. Also, I could only sample transects used by Grindal (1995) that 

were not affected by recent logging activities and still accessible.   

 2.2.1 Study Area 

My study took place in the West Arm Demonstration Forest (WADF; 49° 38’ N, 117° 

05’ W) in the southeastern part of British Columbia, Canada (Figure 2.1). WADF 

encompasses about 14,500 ha and ranges in elevation from 540 m at Kootenay Lake to 

1800 m in the sub-alpine of the Selkirk Mountains. Forests at low elevation are 

characterized by high tree species diversity but dominated by western red cedar (Thuja 

plicata), western hemlock (Tsuga heterophylla) and Douglas-fir (Pseudotsuga 

menziesii).  At higher elevations, Engelmann spruce (Picea engelmannii) and subalpine 

fir (Abies lasiocarpa) are dominant. I collected data from 28 June - 21 August 2016 and 

26 May - 31 August 2017 in and around cutblocks produced by forest harvesting 

undertaken between 1970-1991. When choosing cutblock sites to sample, I tried to re-

visit precisely the same sites used by Grindal and Brigham (1999) based on the 

vegetation map used by Grindal in 1993-94. These authors selected sites to control for 

cutblock size (mean of 57 ha, range of 12-116 ha), aspect (generally south or southwest 

facing), slope (between 25° and 45°), and the time of harvesting (1970-1991). These 
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cutblocks would now be a maximum of 60 years old according to the vegetation map of 

the area (MFLNRO 2015). At the end of the 1980s, logging left large trees (mostly fir) 

standing, spaced about 30 m apart in some clear-cuts in the area (R. Hawes, pers. comm., 

February 5th, 2018). From 1960 to 1980, on most cutblocks, fuel reduction was done by 

spot burning slash piles, or broadcast burning (M. Chewter, pers. comm., June 15th, 

2018).     
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Figure 2.1. Study area in the southern interior of British Columbia, Canada. The green 

polygon indicates the West Arm Demonstration Forest (WADF) located about 20 km 

northeast of Nelson and the black area indicates Kootenay Lake. 
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2.2.2 Study Design 

I sampled insects along the same transects I used to sample bats (see Chapter 3).  A 

transect consisted of three sites located in close proximity (within ~100 m) but in three 

different habitat types (unlogged forest, forest edge, and regenerating cutblock created 

by the logging activity 20+ years ago; Figure 2.2) with one transect sampled per night. I 

deployed 22-watt universal black light traps (model 2851; Bioquip, Rancho Dominguez, 

CA, USA) at each of the 3 sampled sites on the transect (Figure 2.2). Following Grindal 

and Brigham (1999), to maximize the independence of observations and minimize the 

edge microclimate influence on the cutblocks and unlogged forests microclimate and 

vegetation (Harper et al. 2005), traps were placed at least 50 m into cutblocks, along the 

cutblock/forest edge, and at least 50 m into adjacent unlogged forests (Figure 2.2). 

Transects length varied from 108 m to a maximum of 250 m when one of the habitat 

types was separated from the others by a road. All transects I sampled were located at 

least 100 m from ponds, creeks, or roads.   
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Figure 2.2. Schematic diagram showing deployment of black light traps in 2016 and 

2017 on a typical transect. Sampling sites were separated by at least 50 m and were 

located in three different habitat types (unlogged forest, forest edge and cutblock).  
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I sampled transects in sixteen categories of unlogged forest age-class and 

biogeoclimatic unit (see Table 2.1). Unlogged forest age-classses are classified age 

ranges (in years) allocated to forest stands. All stands were at least 100 years old 

according to the vegetation map of the area (MFLNRO, 2015). My transects occurred in 

three unlogged forest age-classes instead of the four sampled by Grindal (1995) (Table 

2.1) because the youngest age-class (81-100 years) has “disappeared” due to the change 

in forest age that has occurred in the 20+ years since his study. I assigned age-classes to 

unlogged forest stands based on forest inventory maps provided by the British Columbia 

Ministry of Forest (MFLNRO, 2015). All forest stands in the study area had regenerated 

after fires. Some fires were set deliberately in an effort to expose areas for mining at the 

turn of the 19th Century. Four biogeoclimatic units classified by the BC Ministry of 

Forests (ICHxw, ICHdw1, ICHmw4, ESSFwh3) occurred in the study area compared to 

the three units sampled by (Grindal and Brigham 1999).  This was because ICHxw was 

recently classified to be distinct from ICHdw in the study area (Table 2.2).  Mackillop 

and Ehman (2016) provide detailed descriptions of the vegetation, geography, and 

climate characteristics of these units (Table 2.2).  I grouped two biogeoclimatic units 

(ICHwx and ICHdw1) together for further analyses as I only sampled one cutblock in the 

ICHwx zone (Table 2.1). 
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Table 2.1.  Distribution of transects (unlogged forest - forest edge - cutblock) among 

forest age-class and biogeoclimatic unit categories in WADF in my study relative to 

Grindal (1993-1994).  

Unlogged forest age-class 

(Code: year interval) 

Biogeoclimatic unit 2016-17 1993-94 

- ICHxw ICHdw1 ICHmw4 ESSFwh3 - - 

Young: 81-100 0 0 0 0 0 6 

Mature: 101-120 0 3(1) 2(1) 2 7 6 

Old: 121-140 1(1) 2 2(1) 2 (2) 7 6 

Oldest: 141-250 0 2 2(1) 2 (1) 6 6 

2016-17 1 7 6 6 - - 

1993-94 0 8 8 8 - - 

( ) = Insect community composition sampled on transect(s) in this category. 
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 Table 2.2. Dominant tree species and climate characteristics of Biogeoclimatic units 

found in the West Arm Demonstration Forest (WADF) (MacKillop and Ehman 2016). 

Biogeoclimatic 

unit 

Elevational 

range (m) 

Dominant tree species 

Mean 

summer 

precipitation 

range during 

summer 

(mm) 

Mean 

summer 

temperature 

range during 

summer (°C) 

ICHxw 700-900 

 

Douglas-fir            

(Pseudotsuga menziesii) 

Western red cedar               

(Thuja plicata) 

<130 >16.5 

ICHdw1 900-1350  

 

Douglas-fir            

(Pseudotsuga menziesii) 

Western red cedar              

(Thuja plicata)                

Western hemlock              

(Tsuga heterophylla) 

130-150 14.5-16.5 

ICHmw4 1275-1600 

Western red cedar           

(Thuja plicata)                
150-200 12.5-14.5 
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western hemlock              

(Tsuga heterophylla) 

ESSFwh3 1450-1775 

 

Engelmann spruce           

(Picea egelmannii)   

Subalpine fir                     

(Abies lasiocarpa) 

150-200 12.5-14.5 
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 Sometimes, more than one transect was sampled in the same cutblock because 

the harvested areas were surrounded by unlogged forests of different age-classes (Figure 

2.3). The number of transects in each unlogged forest age-class and biogeoclimatic unit 

category was not constant as in the Grindal and Brigham study because it was not 

logistically feasible to access some of the transects they sampled (Table 2.1). For the 8 

transects I sampled to characterize insect community composition (Table 2.1), I collected 

data on total insect richness and total insect biomass (both calculated on the basis of 

insect order on an hourly basis).  It was not possible to deploy insect traps on every 

transect in both years. After the 2016 field season, three transects were rendered 

unusable by new logging activity. I set out three new transects in 2017 in other sampled 

cutblocks to replace the unusable transects in their unlogged forest age-class and 

biogeoclimatic unit categories.  

Transects were selected randomly among the unlogged forest age-class and 

biogeoclimatic unit categories pooled together until one transect in each cutblock was 

visited. That represented a full sampling cycle.  My sampling cycle did not follow a 

monthly pattern nor the lunar cycle like that of Grindal and Brigham. My goal was to 

sample on as many nights as possible to reach at least the same number of sampled 

nights done by Grindal and Brigham, with fewer transects to sample per cycle (8 

transects in 2016-17 VS 24 transects in 1993-94). I repeated my sampling cycle as many 

times as possible during nights with no precipitation and statistically controlled for 

seasonal variation (weather, moon phase) in my analyses. Overall my sampling cycle 

was repeated eight times over the two field seasons.  
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Figure 2.3. Habitat features used to select transect locations in the West Arm 

Demonstration Forest (WADF). ESSFwh3, ICHmw4, ICHdw1, ICHxw represent 

different biogeoclimatic units where cutblocks occurred. Mature (101-120), Old (121-

140), and oldest (141-250) represent different unlogged forest age-classes (in years) 

which surrounded the cutblocks. Forest, Edge and Cutblock represent the habitat types 

encompassed by each transect.  
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2.2.3 Data collection 

Insect community composition --- Insect community composition (total biomass and 

richness based on insect order) was assessed using 22-watt universal black light traps. 

Insects attracted to the UV lights were killed inside the traps with dichlorvos (2,2-

dichlorovinyl dimethyl phosphate) killing agent (Root et al. 2017). Traps were deployed 

directly on the ground before civil twilight (when the sun is 0-6 degrees below the 

horizon; Pacific Standard Time), ran for the entire night, and were turned off in the 

morning after sunrise. Insects were collected early in the morning. All insects collected 

were counted and identified to order.  

Total insect biomass for a night (mg) was estimated for each habitat type by 

multiplying the number of individuals captured by the mean individual dry mass for each 

order. To calculate mean dry mass, I dried a sub-sample of insects in a drying oven 

(NAPCO, model 330) at 60°C for three or four days. Orders with fewer than two 

individuals captured during the two field seasons (dermaptera and plecoptera) were not 

included in the analyses. Insect richness was measured as the number of insect orders 

collected in each habitat type per night sampled. I calculated hourly rates per trap for 

total insect biomass (biomass trap-1 hour-1) and insect richness (number of orders trap-1 

hour-1) data. If a trap was not working in the morning, I assumed that it had remained 

active for half of the night (Nelson and Clark 1973, Beauvais and Buskirk 1999). 

I compared patterns in insect biomass and richness between my results and 

Grindal and Brigham’s data which consisted of samples collected using light suction 

traps.  It is possible that total insect biomass, and insect richness per hour might differ 

due to the difference in sampling methods (Kunz 1988; Muirhead-Thompson 1991). 
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Temperature ---At all sites on a transect, temperature at civil twilight (when the 

sun is 0-6 degrees below the horizon; Pacific standard time) was recorded when 

sampling occurred. BIOS Analog Magnetic Thermometers were used during the first 

field season and HOBO pro v2 (U23-002) digital thermometers during the second field 

season. Digital thermometers were only used during the second field season as they were 

not available during the first field season. With both thermometers, temperature was 

taken at approximately the same distance from the ground (1 m). Temperature varied 

between 6.0°C to 25.0°C in the cutblocks, 6.0°C to 26.3°C in forest edges, and 5.9°C to 

26.4°C in unlogged forests. 

Vegetation --- Vertical vegetation clutter was characterized in all three habitat 

types using a profile board. The board was 2.5 m high, 0.3 m wide, and marked with 

alternating blue and white squares, at 0.5 m intervals (Nudds 1977, Figure 2.4). Vertical 

vegetation clutter was calculated by estimating the percentage of each 0.5 m section 

covered by vegetation. A densitometer was used to measure percent canopy cover at 

each site. Percent canopy cover and vertical vegetation clutter were measured at a 

distance of 5 m from the bat detectors in four opposite directions. Percent canopy cover 

was also estimated at the bat detector location itself (see Chapter 3; following Bender et 

al. 2015). The mean values of these percentage were used for further analyses. For 

vertical vegetation clutter, these mean values varied between 15.2% to 72.1% in 

cutblocks, 6.8% to 70.6% in forest edges, and 1.9% to 52.2% in unlogged forests. For 

percent canopy cover, these mean values varied between 11.89% to 75.11% in cutblocks, 

40.9% to 82.7% in forest edges, and 48.1% to 86.4% in unlogged forests. Data collection 
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for vegetation characterization occurred from July 16th to August 16th 2017 when 

vegetation density was at its highest. 
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Figure 2.4. Profile board used to measure vertical vegetation clutter on the transects 

(adapted from Nudds 1977). 
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2.2.4 Statistical Analyses 

I calculated the contribution made by each order to total insect biomass (%) to 

characterize insect community composition. I also used total insect biomass per trap per 

hour (biomass trap-1 hour-1) and insect richness per trap per hour (richness trap-1 hour-1) 

to describe insect community composition. For the analyses of the effects of 

environmental characteristics at local and landscape scale (vegetation structure, weather 

and climate) on the total insect biomass and insect richness per trap per hour, I measured 

8 variables describing these characteristics including habitat type, unlogged forest age-

class, vertical vegetation clutter, percent canopy cover, temperature, biogeoclimatic unit, 

transect ID and time (Table 2.3). When two or more variables were highly correlated (r ≥ 

0.7), I only retained in candidate models those with the greatest biological significance 

for insect community composition based on the literature and experts’ opinions. 

Therefore, I chose to retain vertical vegetation clutter in my models instead of percent 

canopy cover, two highly correlated variables. Contrary to percent canopy cover, vertical 

vegetation clutter was measured from the ground and was then more likely to influence 

the insect collected by the insect traps located directly on the ground (Dr. J. Verschuyl, 

pers. comm., December 20th, 2018). I only used data from 2017 to test for the effect of 

vertical vegetation clutter (Table 2.3) on insect community composition as no data about 

vegetation were collected in 2016.  

I used generalized linear mixed-models (GLMMs) with a gamma error 

distribution and a logit link function to characterize total insect biomass per trap per 

hour. Insect richness per trap per hour met the assumptions of normality based on 

visually inspecting the data relative to the normal distribution using quantile–quantile 
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(Q-Q) plots.  Linear mixed models (LMMs) were then constructed to describe these data. 

To test the effect of vegetation structure on insect community composition I used models 

with insect richness and total insect biomass per trap per hour as response variables with 

habitat type, unlogged forest age-class and clutter as predictors. Unlogged forest age-

class and clutter were considered in my models as aspects of habitat type and were only 

added in a model when habitat type was present.  I also tested the effect of weather and 

climate on the two response variables by using, respectively, models with temperature 

only as a predictor and others with biogeoclimatic unit only as the predictor. Other 

models consisted of combinations of vegetation structure/weather predictors and 

vegetation structure/climate predictors. No interactions were tested due to small sample 

size. I considered time and transect (Table 2.4) as random variables in each model. These 

random variables were included to control for seasonal variation in the response 

variables (time) caused by weather fluctuations and/or moon phase which affect black 

light trap efficiency (Yela and Holyoak 1997), and to avoid spatial autocorrelation in the 

response variables (transect).  All numerical predictors were standardized (i.e. data 

rescaled with a mean of zero and a standard deviation of one) to put the numerical 

predictors on the same scale to enable a comparison of variables’ predictive power when 

they occurred in the same model. Using the 2016-17 dataset, I generated nine and ten 

models for total insect biomass per trap per hour and insect richness per trap per hour, 

respectively. Fourteen models for insect richness per trap per hour and eleven models for 

total insect biomass per trap per hour were constructed to test the importance of clutter as 

a predictor of these response variables using the 2017 dataset in subsequent AIC 
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analyses. The importance of clutter as a predictor was not tested with the 2016-17 dataset 

because vertical vegetation clutter was only measured in 2017. 

I used an information theoretic approach (i.e., Akaike Information Criterion, 

AIC) to compare the models representing multiple hypotheses. The different 

combinations of the variables were created and ranked according to their AICc values 

(AIC value corrected for small sample size) and weights (wi) (Burnham and Anderson 

2002). I also calculated the relative importance value of each variable found in top 

models by summing the wi of all models in which the variable appeared.   
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Table 2.3. Description of environmental, and temporal variables used in models to 

explain insect richness (number of orders trap-1 hour -1) and total insect biomass (biomass 

trap-1 hour -1) per trap per hour, in the West Arm Demonstration Forest (WADF), British 

Columbia, Canada, 2016-2017. 

Variables Description 

 

Local scale features  

Vegetation structure 

            

Habitat type  cutblock (C), forest edge (E), and unlogged forest (F) 

Unlogged forest age-class 101-120, 121-140, and 141-250 (years) 

Clutter Mean vertical vegetation clutter in each habitat of each 

transect (%) 

 
Canopy Mean percent canopy cover in each habitat of each 

transect (%) 

Weather 

      
Temperature Nightly temperature at civil twilight (°C)  

       
Landscape scale features       

Climate 

      
Biogeoclimatic unit Vegetation, geography and climate characteristics; 

ICHdw1, ICHmw4, and ESSFwh3 

       
Random effects        

Transect  Transect ID  
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Time  Year and month combined together as one variable; 

2016_6, 2016_7, 2016_8, 2017_5, 2017_6, 2017_7, 

2017_8 
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After assessing insect community composition in the study area, I compared the 

patterns in the results found with my 2016-2017 dataset to those reported by Grindal and 

Brigham (1999). To do so, I used the null hypothesis statistical significance testing 

method with the associated p-values because Grindal and Brigham used this method 20+ 

years ago to analyze their datasets. To allow the direct comparison of these patterns, I 

included in the result tables the p values of each predictors found within each model.  I 

used multiple comparison analyses for mixed models (Lenth 2019) to compare 

significant differences between levels of predictors found within the top models 

suggested by the AIC analyses on the 2016-2017 dataset. Statistical analyses were 

performed using R Statistical Environment (R Development Core Team, 2018).   
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2.3 RESULTS 

Insect traps were deployed on a total of 27 nights. In total, 11 420 insects from 15 orders 

were collected. Across both years of the study, only one individual was caught for each 

of two orders (Dermaptera and Plecoptera).  These were not included in my analysis, 

leaving a total of 13 orders.  Lepidopterans, coleopterans, dipterans, hymenopterans, and 

trichopterans were among the dominant orders in the samples (Table 2.4).  
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Table 2.4. Insect order's contribution to the total insect biomass (%) and insect’s 

abundance per order in the naturally regenerating cutblocks in 2016-17. Insects were 

collected in the West Arm Demonstration Forest (WADF), British Columbia, Canada. 

2016-17 Percentage (%) Abundance 

Lepidoptera 68.8 2085 

Coleoptera 17.7 265 

Diptera 4.6 1200 

Hymenoptera 3.3 95 

Hemiptera 1.6 142 

Trichoptera 1.5 43 

Others 2.5 105 
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Insect richness ---The highest ranked model with the highest weight (wi = 0.86) 

contained the variables habitat type and temperature. The low (< 4) ∆AICc of the next 

best model and the evidence ratio between the two first models (w1/w2 = 6.62) suggested 

strong support for multimodel inference as both models could be predictors of insect 

order richness per trap per hour in the study area (Table 2.5; Burnham and Anderson 

2002, Burnham et al. 2011). The two variables present in the both models were 

temperature and habitat type and their relative importance values were 1.00 and 0.99, 

respectively (Table 2.5), suggesting they were key variables influencing insect richness. 

The other variable present in the second model only was unlogged forest age-class 

(relative importance value = 0.13).  The presence of vertical vegetation clutter in the 

second top ranked models in the subsequent AIC analyses made with subsets of the 

original dataset suggested that this variable influenced insect richness (Burnham and 

Anderson 2002, Burnham et al. 2011) (Table 2.6). In addition, the absence of 

biogeoclimatic unit in my highest ranked models suggested that the influence of this 

variable on insect richness was limited, and that the model was mainly driven by nightly 

temperature variations (Table 2.5).  

I found that mean insect richness per trap per hour was significantly higher in 

cutblocks compared to unlogged forests (p = 0.001) and forest edges (p = 0.023) (Figure 

2.5). I also found a significant positive effect of temperature on insect richness (Table 

2.5, Figure 2.6). No significant differences in insect richness among the unlogged forest 

stand age-classes were found.  
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Table 2.5. Models, difference in AICc value between the current model and the preferred 

model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), number of parameters (k) 

and results of the candidate models describing insect richness per trap per hour, in the 

West Arm Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. 

Transect and time were included as random effects in all models. See Table 2.3 for a 

description of each variable. 

              n = 76 

Models ΔAICc wi w1/wi k Estimate SE P value 

Habitat, Temperature 0.00 0.86 1.00 7 

   
(Intercept) 

    

0.86 0.05 <0.001 

Habitat, E 

    

-0.16 0.06 0.009 

Habitat, F 

    

-0.23 0.06 <0.001 

Temperature 

    

0.24 0.03 <0.001 

Unlogged forest age-class, 

Habitat, Temperature 

3.80 0.13 6.62 9 

   
(Intercept) 

    

0.88 0.07 <0.001 

Age-class, 121-140 

    

-0.01 0.07 0.896 

Age-class, 141-250 

    

-0.07 0.07 0.360 

Habitat, E 

    

-0.16 0.06 0.009 

Habitat, F 

    

-0.23 0.06 <0.001 

Temperature 

    

0.24 0.03 <0.001 
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Temperature 9.07 0.01 86.00 5 

   
(Intercept) 

    

0.73 0.04 <0.001 

Temperature     0.23 0.03 <0.001 
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Table 2.6. Models, difference in AICc value between the current model and the preferred 

model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), number of parameters (k) 

and results of the candidate models explaining the influence of vertical vegetation clutter 

on insect richness per trap per hour, in the West Arm Demonstration Forest (WADF), 

British Columbia, Canada, 2017. Transect and time were included as random effects in 

all models. See Table 2.3 for a description of each variable. 

              n = 51 

Models ΔAICc wi w1/wi k Estimate SE P value 

Habitat, Temperature 0.00 0.70 1.00 7 

   
(Intercept) 

 

 

  

0.95 0.08 <0.001 

Habitat, E 

 

 

  

-0.18 0.07 0.020 

Habitat, F 

 

 

  

-0.28 0.08 <0.001 

Temperature 

 

 

  

0.25 0.04 <0.001 

 Clutter, Habitat, Temperature 2.80 0.17 4.12 8 

   
(Intercept)   

  

0.94 0.08 <0.001 

Clutter   

  

0.01 0.04 0.880 

Habitat, E   

  

-0.18 0.08 0.037 

Habitat, F   

  

-0.28 0.09 0.003 

Temperature   

  

0.25 0.04 <0.001 
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Unlogged forest age-class, 

Habitat, Temperature 

3.55 0.12 5.83 9 

   
(Intercept)   

  

0.96 0.09 <0.001 

Age-class, 121-140   

  

0.01 0.08 0.906 

Age-class, 141-250   

  

-0.10 0.08 0.223 

Habitat, E   

  

-0.18 0.07 0.018 

Habitat, F   

  

-0.29 0.08 <0.001 

Temperature   

  

0.25 0.04 <0.001 

Temperature 8.12 0.01 70.00 5 

   
(Intercept)   

  

0.79 0.07 0.001 

Temperature     0.23 0.04 <0.001 

 

 

  



54 
 

Figure 2.5. Boxplot of mean insect richness per trap per hour found in the three habitat 

types in the West Arm Demonstration Forest (WADF), British Columbia, Canada, 2016-

2017. Bold diamonds represent the means. Means with different letters are significantly 

different (p < 0.05).  
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Figure 2.6. Expected richness per trap per hour found on the transects in the West Arm 

Demonstration Forest (WADF), British Columbia (Canada), 2016-2017, based on the 

most parsimonious models (Table 2.6 and 2.7) in relation to temperature at civil twilight. 

The black line represents the prediction of the models with 95% confidence intervals 

between the dashed lines.  
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Insect biomass --- The highest ranked model with the highest weight (wi = 0.77) 

contained the variable temperature only. The low (< 4) ∆ AICc and evidence ratio of the 

second top model (w1/w2 = 4.28) suggests that both models could be good predictors of 

total insect biomass (Table 2.7) (Burnham and Anderson 2002, Burnham et al. 2011). 

The relative importance value of temperature which was present in both models was 

0.97.  This suggests that nightly weather was a key factor influencing total insect 

biomass. The second variable present in just the second model was habitat type (relative 

importance value = 0.2; Table 2.7). Vertical vegetation clutter was found in the top 

ranked models of the model competition made with parts of the original dataset (Table 

2.8) suggesting that this variable also affects insect biomass. Moreover, the absence of 

unlogged forest age-class and biogeoclimatic unit in the highest ranked models 

suggested that insect biomass variation was not driven by these variables (Table 2.7). 

I found a significant positive effect of temperature on insect biomass (Table 2.7, 

Figure 2.7). The mean total insect biomass did not differ significantly among habitat 

types in my analyses (Table 2.7).   
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Table 2.7. Models, difference in AICc value between the current model and the preferred 

model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), number of parameters (k) 

and results of the candidate models describing total insect biomass per trap per hour, in 

the West Arm Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. 

Transect and time were included as random effects in all models. See Table 2.3 for a 

description of each variable. 

              n = 76 

Models ΔAICc wi w1/wi k Estimate SE P value 

Temperature 0.00 0.77 1.00 5 

   
(Intercept) 

    

4.13 0.17 <0.001 

Temperature 

    

0.73 0.14 <0.001 

Habitat, Temperature 2.89 0.18 4.28 7 

   
(Intercept) 

    

4.24 0.20 <0.001 

Habitat, E 

    

-0.07 0.19 0.70 

Habitat, F 

    

-0.28 0.21 0.18 

Temperature 

    

0.78 0.13 <0.001 

Unlogged forest age-class, 

Habitat, Temperature 

7.18 0.02 38.5 9 

   
(Intercept) 

    

4.18 0.23 <0.001 

Age-class, 121-140 

    

0.16 0.22 0.482 

Age-class, 141-250 

    

-0.02 0.25 0.922 

Habitat, E 

    

-0.08 0.19 0.693 

Habitat, F 

    

-0.28 0.20 0.159 
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Temperature 

    

0.82 0.11 <0.001 

Biogeoclimatic unit 7.44 0.02 38.5 6 

   
(Intercept) 

    

3.39 0.30 <0.001 

ICHdw1 

    

1.49 0.28 <0.001 

ICHmw4 

    

0.69 0.30 0.022 
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Table 2.8. Models, difference in AICc value between the current model and the preferred 

model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), number of parameters (k) 

and results of the candidate models explaining the influence of vertical vegetation clutter 

on total insect biomass per trap per hour, in the West Arm Demonstration Forest 

(WADF), British Columbia, Canada, 2017. Transect and Time were included as random 

effects in all models. See Table 2.3 for a description of each variable. 

              n = 51 

Models ΔAICc wi w1/wi k Estimate SE P value 

Habitat, Temperature 0.00 0.52 1.00 7 

   
(Intercept) 

    

4.50 0.30 <0.001 

HabitatE 

    

-0.34 0.20 0.088 

HabitatF 

    

-0.54 0.21 0.011 

Temperature 

    

1.05 0.19 <0.001 

Temperature 1.15 0.29 1.79 5 

   
(Intercept) 

    

4.21 0.26 <0.001 

Temperature 

    

0.94 0.18 <0.001 

Clutter, Habitat, Temperature 2.55 0.15 3.47 8 

   
(Intercept) 

    

4.54 0.31 <0.001 

Clutter 

    

-0.08 0.15 0.598 

HabitatE 

    

-0.39 0.22 0.077 

HabitatF 

    

-0.62 0.25 0.015 

Temperature 

    

1.01 0.20 <0.001 
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Unlogged forest age-class, 

Habitat, Temperature 5.32 0.04 13.00 9 

   
(Intercept) 

    

4.41 0.40 <0.001 

Age-class, 121-140 

    

0.30 0.53 0.569 

Age-class, 141-250 

    

-0.04 0.51 0.944 

HabitatE 

    

-0.35 0.20 0.085 

HabitatF 
    

-0.55 0.22 0.011 

Temperature         1.09 0.20 <0.001 
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Figure 2.7. Expected biomass per trap per hour found on transects in the West Arm 

Demonstration Forest (WADF), British Columbia (Canada), 2016-2017, based on the 

most parsimonious models (Table 2.8 and 2.9) in relation to temperature at civil twilight. 

The black line represents the prediction of the models with 95% confidence intervals 

between the dashed lines. Model predicted values presented here have been back-

transformed from the log scale used as a link function for the gamma models. 
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2.4 DISCUSSION 

Contrary to my predictions, I found that the composition (i.e. biomass and richness) of 

the insect community in regenerating cutblocks was mostly influenced by local scale 

features (refer to table 2.3) according to the AIC analyses. My results suggest that 

temperature along with habitat type, were the main factors influencing insect community 

composition. These trends were also found by Grindal and Brigham in 1993-94. I also 

found that unlogged forest stand-age class and vertical vegetation clutter influenced 

insect richness and insect biomass respectively albeit to a lesser extent than did 

temperature and habitat type. Like Grindal and Brigham, I found no significant 

difference in insect richness and biomass among unlogged forest stand age-classes and 

biogeoclimatic units. 

Components of microclimate such as temperature are known to have strong 

effects on the development, reproduction and survival of ectothermic organisms such as 

insects. Most insects need to be exposed to a specific temperature range to be active. The 

lower and upper limit of this range vary among and within species, with season and with 

region (Bale et al. 2002).  Numerous studies have documented temperature as being an 

important environmental predictor of density (Machac et al. 2011), diversity and richness 

(Hawkins et al. 2003, Kaspari et al. 2004, McCain 2007, Hoiss et al. 2012) of samples of 

many invertebrate and vertebrate taxa.  

Changes in habitat structure over time and space also play an important role in 

insect distribution and thus insect community composition (Maleque et al. 2006). The 

age of the forest and the amount and structure of clutter found in the forest are aspects 

leading to changes in structural complexity (Franklin et al. 2002, Donato et al. 2012). 
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Insect community diversity in forest ecosystems is linked to habitat structural complexity 

created by the vegetation (Ishii et al. 2004, Tews et al. 2004). Greater structural 

complexity generally allows more diversity of niches and higher complexity of inter-

specific interactions within an insect community (Rossetti et al. 2017). The link between 

insect community complexity and habitat structure has been reported in many studies 

conducted in a variety of habitat types (Haddad et al. 2001, Summerville and Crist 2008, 

Summerville et al. 2009, Ober and Hayes 2010, Root et al. 2017).  

As I predicted, the insect community in my study area significantly increased in 

both insect richness and biomass in cutblocks compared to forest edges and unlogged 

forests 20 + years ago. These trends suggest the recovery of the insect community over 

time since logging occurred, as insect biomass and richness were significantly lower in 

cutblocks than in the two other habitats in Grindal and Brigham’s results. These changes 

in the insect community are likely due to the colonization and reproduction within 

cutblocks, occurring a few years after clear-cutting, by early successional plant species 

and open habitat/generalist insect species. Early successional stages of insect community 

recovery in cutblocks have been well documented (Summerville and Crist 2002, Niemelä 

et al. 2007, Taki et al. 2010). When forests regenerate after clear-cutting, unlogged forest 

microclimatic conditions near forest edges (cooler and moister; Tabor et al. 2007), 

created by the shading from the edge, facilitates survival and reestablishment of mature 

forest plant species (Baker et al. 2014, Dovčiak and Brown 2014) and insect species 

(Baker et al. 2013, Fountain-Jones et al. 2015) .  

In addition, the absence of significant differences in insect biomass collected in 

the three habitat types suggest that this measured aspect of the insect community 
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composition in the regenerating cutblocks resembles that found in stands with closed 

canopies, while 20+ years ago insect biomass was significantly lower in cutblocks 

compared to forest edges and in unlogged forest patches. According to the vegetation 

map of the area, many regenerating cutblocks had canopy closure classes close to those 

found in adjacent unlogged forests (MFLNRO 2015) which suggests that the canopy 

closure process is occuring in the cutblocks. Canopy closure is associated with changes 

in insect community composition. Open habitat and generalist species rapidly decline 

and are replaced by closed habitat species (Niemelä et al. 1996, 2007, Franklin et al. 

2002). Over time, abiotic and biotic conditions in stands with closed canopies allow 

insect communities to converge on unlogged forest assemblages (Niemela et al. 1993, 

Koivula et al. 2002, Buddle et al. 2006, Jeffries et al. 2006, Stenbacka et al. 2010) or a 

new stable state (Summerville et al. 2009). This trend in my results suggests that I 

sampled secondary forests during this canopy closure process. 

As predicted, I also found a higher number of insect orders contributing to the 

total biomass in the regenerating cutblocks compared to the results of Grindal and 

Brigham. This likely also reflects the recolonization process. The presence of 

hymenopterans in my samples from the study area suggest an increase in species 

assemblage complexity among the insect community (Schowalter 1995) as many 

predators and parasitoids species occur in this order.  These higher trophic level species 

are known to be more affected by habitat disturbance than species in lower trophic levels 

and thus take longer to recover (Tscharntke et al. 2002, Nouhuys 2005).  

In summary, insect communities in naturally regenerating cutblocks were mainly 

influenced by variation in temperature and habitat structure present in those stands, 



65 
 

consistent with previous studies (Baker et al. 2013, Fountain-Jones et al. 2015). I suggest 

that the insect community here showed signs of recovery through the reestablishment of 

new and higher trophic orders of insects in the cutblocks coupled with higher insect 

richness in the cublocks relative to forest edges and unlogged forests, and the absence of 

significant differences of insect biomass among the different habitat types. This suggests 

the movement of the community towards a new equilibrium.  

Many changes in insect species dominance and interactions between species within 

the insect community occur during the recovery process following habitat disturbance 

(Murphy et al. 2016). Many of these patterns expressed as changes in insect biomass and 

richness are impossible to detect at the level of order and require higher levels of 

taxonomic resolution (Timms et al. 2013).  However, although a higher level of 

taxonomic resolution would have enhanced my understanding of the insect community’s 

state of recovery, my results at the order level do provide evidence that the insect 

community was increasing in complexity in the regenerating cutblocks.  

The use of black light traps instead of light suction traps like Grindal and Brigham to 

sample terrestrial arthropods limited my ability to directly compare my results with 

theirs. Light suction traps, contrary to black light traps, are better at collecting small 

flying insects not necessarily attracted to light traps (Kunz 1988). The catchment volume 

of the traps also likely differed between the two studies as my traps were located on the 

ground, compare to Grindal and Brigham’s traps suspended 2 m above the ground. My 

traps had then the potential to attract insects from the ground and the air (Kunz 1988). 

Thus, to clarify insect community state of recovery in the regenerating cutblocks using 

the same type of traps to limit sampling bias would be useful. 
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CHAPTER THREE – STAYING FOR DINNER OR JUST PASSING BY? LONG-

TERM EFFECTS OF FOREST HARVESTING ON HABITAT USE BY 

INSECTIVOROUS BATS 

3.1 INTRODUCTION 

The majority of the world’s microchiropteran bats are associated with forests (Hutson et 

al. 2001, Law et al. 2016). Insectivorous bats play an important role in forest ecosystems 

as essential components in the food web (Soulé et al. 2005, O’Bryan et al. 2018) and also 

provide many ecosystem services as primary nocturnal insect predators (Kunz et al. 

2011). Despite their importance, many species of bats are in decline. COSEWIC recently 

listed three species (Myotis septentrionalis, Myotis lucifugus and Perimyotis subflavus) 

as endangered in Canada. White-nose syndrome, a fungal disease caused by an 

introduced pathogen, is the primary cause of these declines (COSEWIC 2013). 

Therefore, minimizing other potential stressors by understanding temporary or 

permanent changes to bat habitat that result from forest harvesting (Law et al. 2016) and 

the effects on insectivorous bats is of importance to bat conservation.  

Many important aspects of the ecology of forest-dwelling bats, such as roosting 

and foraging, are influenced by forest structure (Sleep and Brigham 2003, Jung et al. 

2012, Froidevaux et al. 2016) which is modified by sylvicultural practices (Humes et al. 

1999, Law and Chidel 2001, Loeb and O’Keefe 2006, Dodd et al. 2012). Forest 

harvesting can have both direct and indirect effects on bat communities (Hayes and Loeb 

2007). Direct effects are mainly associated with the immediate mortality of individuals 

by the destruction of roosts (Hayes and Loeb 2007) while indirect effects relate to the 

availability of roosts (Thomas 1988, Crampton and Barclay 1998, Russo et al. 2010) and 
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the quality of available foraging habitats (Grindal and Brigham 1999, Patriquin and 

Barclay 2003, Luszcz and Barclay 2016).  

Bat communities can be divided in different functional groups according to the 

habitat type where bats forage and their foraging mode (Schnitzler et al. 2003, Denzinger 

and Schnitzler 2013). The different foraging habitat types for bats have recently been 

categorized by Denzinger and Schnitzler (2013), “…by the echolocation condition in 

which each species forages for its typical resources”. This implies that bats foraging 

under similar conditions for similar resources will use the same type of habitat, and that 

the borders between these types of habitat may differ between bat species (Denzinger et 

al. 2016). Three habitat types where bats exploit different resources and use echolocation 

differently have been defined as open space, edge space and narrow space (Schnitzler et 

al. 2003, Denzinger and Schnitzler 2013). Bat community assemblages within these 

habitats depends on species’ echolocation behaviours (Aldridge and Rautenbach 1987, 

Fenton 1990, Schnitzler and Kalko 2001), and ecomorphological adaptations (Aldridge 

and Rautenbach 1987, Norberg and Rayner 1987, Fenton 1990). 

Grindal and Brigham (1999) were among the first to assess the short-term effects 

of forest harvesting on habitat use by bat community assemblages. They assessed the 

short-term behavioural responses of bats to disturbed (harvested) forests by even-aged 

treatments (clear-cutting). In 1993-94, they estimated foraging and commuting bat 

activity in and adjacent to recently harvested areas (cutblocks), and within nearby mature 

forest patches near Nelson, British Columbia. They found that foraging and commuting 

activity by bats at forest edges was higher than in unlogged forests and cutblocks even 

though relative prey availability (i.e. flying insects) was higher in intact forest patches. 
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The short-term effects of forest harvesting on forest-dwelling bats has subsequently 

received considerably more attention.  Other studies in temperate forest ecosystems with 

even-aged treatments corroborate Grindal and Brigham’s results (Swystun et al. 2001, 

Hogberg et al. 2002, Owen et al. 2004, Morris et al. 2010). Likewise, these studies 

conclude habitat features modified by forest harvesting cause short-term changes in bat 

habitat use.  

At a local scale, habitat use by bats is principally guided by habitat structure, 

linked to the amount of non-prey objects in a forest, also called “clutter” (Fenton 1990, 

Schnitzler and Kalko 2001). In cluttered habitats, bats which forage while flying, must 

avoid obstacles and discern between echoes from prey versus echoes from surrounding 

clutter (Brigham et al. 1997, Sleep and Brigham 2003). Thus, increasing clutter can 

make foraging more complicated and increase the energetic cost of flying (Aldridge and 

Rautenbach 1987, Fenton 1990, Sleep and Brigham 2003). Prey availability can also 

influence bat activity (Adams et al. 2009, Morris et al. 2010).  The nature of vegetation 

leads to habitat structural complexity which in turn influences insect community 

diversity in forest ecosystems (Ishii et al. 2004, Tews et al. 2004).  More complexity in 

habitat allows higher complexity of inter-specific interactions within the insect 

community and greater diversity of niches (Root et al. 2017, Rossetti et al. 2017). As 

ectothermic organisms, insect activity is also directly influenced by variation in 

temperature (Bale et al. 2002, Briers et al. 2003). In recently harvested areas, wind likely 

plays an important role in insect dispersal, as forest edges function as windbreaks that 

collect an abundance of insects (Pasek 1988, Swystun et al. 2001).  
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Stand age-class (i.e. classified age range (in years) allocated to forest stands) is 

another feature that can drive habitat use by bats because it is correlated with the amount 

and arrangement of clutter in a forest (Humes et al. 1999, Jung et al. 2012).  The amount 

of clutter tends to decrease and roost availability increase  (Jung et al. 2012) (Thomas 

1988, Crampton and Barclay 1998) with increasing forest age, allowing greater use by 

bats (Krusic et al. 1996, Luszcz and Barclay 2016). At a landscape scale, elevation of 

harvested areas can also influence bat habitat use. As elevation increases, nightly 

temperature and, consequently, insect activity tend to decrease which leads to a decrease 

in bat activity as bats experience thermoregulatory constraints (McCain 2007) and fewer 

foraging opportunities (Wolbert et al. 2014). 

Knowledge about the long-term effects of forest harvesting is also essential for 

the improvement of sustainable forest management practices to help preserve bat 

populations.  As vegetation regenerates over time in harvested areas, young stands tend 

to present higher levels of clutter and limited canopy gaps (Tappeiner et al. 1997, Donato 

et al. 2012). Thus, changes created by harvesting (e.g., low-clutter openings and open 

forest edges) will blur and eventually disappear as stand regrow. As habitats recover over 

the long-term, the effects of forest harvesting could thus differ relative to short-term 

effects on forest-dwelling bats.  

Many experiments have been done to estimate the long-term effects of forest 

harvesting on bat habitat use by simultaneously comparing forest stands with similar 

disturbance histories at different time intervals since harvesting (i.e. chrono-sequences; 

Brown et al. 1997, Humes et al. 1999, Menzel et al. 2005, Loeb and O’Keefe 2006, 

Morris et al. 2010). However, these studies have important limitations as they compare 
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stands that may differ in many aspects. The long-term trends in the results may also be 

hard to discern within the relatively small time-window used by these studies (De Palma 

et al. 2018).  Alternatively, long-term continuous studies, also called longitudinal studies, 

are powerful ways (Lindenmayer et al. 2012b) to study bat responses to forest harvesting 

over time (e.g., Farneda et al. 2018, Australian studies reviewed in Law 2018). However, 

maintaining these studies over the years can be money and time intensive (Lindenmayer 

et al. 2012b). Thus, exploring these changes over time by comparing observed trends 

between snapshots represents an interesting cost and time effective compromise more 

powerful than chrono-sequences. To date, few studies have used the snapshots approach 

to study changes in bat habitat use over time after harvest in forests (although see 

Farneda et al. 2018). 

Thus, the aim of my study was to use the snapshots approach to evaluate the 

long-term effects of openings created by clear-cutting on habitat use of the insectivorous 

bat community in western temperate forests of North America. I first specifically 

explored how bat habitat use is influenced by environmental features in naturally 

regenerating cutblocks and the adjacent remnant forests at local and landscape scales. I 

hypothesized that local and landscape scale features would both be important predictors 

for bat habitat use. I further predict that bat foraging and commuting activity would be 

influence by the precise same features. 

I also evaluated how changes over time in naturally regenerating cutblocks can 

influence bat habitat use. To do so, I compared the general trends found in bat habitat use 

in naturally regenerating cutblocks, relative to adjacent forest edges and unlogged 

forests, with those reported by Grindal and Brigham (1999) from the same study area. I 
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hypothesize that 20-60 years after timber harvest, bats would mostly avoid the 

regenerating cutblocks for both foraging and commuting.  I further predicted that: 

1) Bats would be most active in less cluttered habitats presenting high prey 

availability (insect biomass). Bat foraging and commuting activity would thus be 

higher in unlogged forest patches than in previously harvested areas and along 

forest edges, considering the dense and cluttered natural regeneration within 

these two habitat types, and the absence of significant differences of insect 

biomass among the three habitat types. 

2) Clutter/edge space foragers would be more active in unlogged forests than open 

space foragers. 

3) Bat activity would decrease with increasing elevational zone. Further, the more 

moderate climatic conditions at lower elevations would be associated with greater 

insect activity, and therefore greater bat foraging opportunities. 
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3.2 METHODS  

3.2.1 Study Area 

Refer to section 2.2.1 in chapter 2 

3.2.2 Study Design 

I sampled bat activity and prey availability (refer to Chapter 2) along the same 

transects laid out by Grindal (1995).  A transect consisted of three sites located in close 

proximity (within ~100 m) but in three different habitat types (unlogged forest, forest 

edge, and regenerating cutblock created by the logging activity 20+ years ago; Figure 

3.1) with one transect sampled per night.  I deployed 22-watt universal black light traps 

(model 2851; Bioquip, Rancho Dominguez, CA, USA) and two bat detectors (Pettersson 

D100, Pettersson Elektronik, Uppsala, Sweden) at each of the 3 sampled sites on the 

transect (Figure 3.1). Following Grindal and Brigham (1999), to maximize the 

independence of observations and minimize the influence of edge microclimate on the 

cutblocks and unlogged forests microclimate and vegetation (Harper et al. 2005), traps 

and detectors were placed at least 50 m into cutblocks, along the cutblock/forest edge, 

and at least 50 m into adjacent unlogged forests (Figure 3.1). Transects length varied 

from 108 m to a maximum of 250 m when one of the habitat types was separated from 

the others by a road. All transects I sampled were located at least 100 m from ponds, 

creeks, or roads.  For 8 of the transects (refer to Table 2.1 in chapter 2) I sampled data 

used to estimate total insect biomass per trap per hour (i.e. prey availability calculated on 

the basis of insect order). It was not possible to deploy insect traps on every transect in 

both years.  
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Figure 3.1. Schematic diagram showing deployment of bat detectors and black light 

traps in 2016 and 2017 on a typical transect. Sampling sites were separated by at least 50 

m and were located in three different habitat types (unlogged forest, forest edge and 

cutblock). Distance between traps and detectors was modified from 10 m in 2016 to 45 

m in 2017. 
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Transects were selected randomly among the unlogged forest age-class and 

biogeoclimatic unit categories pooled together until one transect in each cutblock was 

visited. That represented a full sampling cycle. My sampling cycle did not follow a 

monthly pattern nor the lunar cycle like that of Grindal and Brigham. My goal was to 

sample on as many nights as possible to reach at least the same number of sampled 

nights done by Grindal and Brigham, with fewer transects to sample per cycle (20 

transects in 2016-17 VS 24 transects in 1993-94 for bat activity sampling and 8 transects 

in 2016-17 VS 24 transects in 1993-94 for insect sampling). I repeated my sampling 

cycle as many times as possible during nights with no precipitation and statistically 

controlled for seasonal variation (weather, moon phase) in my analyses. Overall my 

sampling cycle was repeated eight times over the two field seasons.  

3.2.3 Data collection 

Bat activity --- I employed ultrasonic heterodyne bat detectors (Pettersson D100) of the 

same style as Grindal and Brigham (1999), to measure relative bat activity.  This 

maximized the similarities between detector capability and limitations such as sensitivity 

and directionality (Adams et al. 2012). Detectors were affixed to 1 m posts anchored in 

the ground, with the microphones pointing upwards.  Detectors were connected to 

recorders (SONY IC Recorder) which allowed simultaneous remote sampling at multiple 

sites. Two detectors tuned to different frequencies (40 kHz, and 25 kHz, bandwith of ± 5 

kHz) were used concurrently at each site, which allowed the detection of most species 

expected in the study area (Nagorsen and Brigham, 1993; Table 3.1). 

Detectors and recorders were set to start at the beginning of civil twilight (when 

the sun is 0-6 degrees below the horizon; Pacific Standard Time) and ran for at least 90 
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minutes to sample the main activity peak of most bats during the first half of the night 

(Jones and Rydell 1994, Rydell et al. 1996). Bat activity was categorized as either 

commuting or foraging. Commuting activity was identified by a steady series of 

echolocation calls (two or more consecutive pulses; Thomas 1988), emitted when bats 

are searching for prey or travelling. Foraging activity was identified based on a rapid 

series of echolocation calls or “feeding buzzes”, which bats emit as part of a capture 

attempt (Griffin et al. 1960). When a series of calls were separated in time by at least two 

seconds, I counted them as two separate bat passes. Like Grindal and Brigham (1999), I 

assumed that each foraging attempt represented an attack on a prey item, and that each 

commuting pass represented prey searching activity.  

Bat activity was also categorized as being produced by either clutter or open-

adapted bats (Table 3.1). The two groups were differentiated based on the frequency 

setting of the detectors, the pulse frequency of echolocation calls, the interpulse interval, 

and echolocation call duration. Clutter-adapted bats tend to be small, have relatively 

expensive, albeit manoeuvrable, flight; their low aspect ratio and wing loading allows 

them to fly slowly within structurally complex habitats (Norberg and Rayner 1987). 

These bats typically echolocate at frequencies typically > 35 kHz; (Thomas and West 

1989) with relatively short call duration and thus shorter inter-pulse intervals (Aldridge 

and Rautenbach 1987, Fenton 1990). Open-adapted bats are larger, have less expensive 

but less manoeuvrable flight due to higher aspect ratios and wing loading; Norberg and 

Rayner 1987) and thus they forage in less complex habitats. These fast flying bats 

typically echolocate at frequencies < 30 kHz (Thomas and West 1989) with relatively 

longer call durations and thus longer inter-pulse intervals (Aldridge and Rautenbach 
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1987, Fenton 1990). Discriminating between the two groups was done based on the 

frequency setting of the detectors and a subjective categorization of the interpulse 

intervals (short vs long; See Table 3.1; Grindal and Brigham 1999).  
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Table 3.1. Morphological characteristics of bat species expected to occur in the study 

area (Norberg and Rayner 1987, Christy and West 1993, Nagorsen and Brigham 1993). 

See text for description of clutter and open-adapted bats.  

Bat species by clutter 

adaptation 

Mass (g) 

Echolocation 

frequency 

range (kHz) 

Wing loading 

(N/m2) 

Aspect 

ratio 

 

Clutter-adapted 

    

Myotis californicus 3.3-5.4 37-67 4.8 5.6 

Myotis evotis 4.2-8.6 54-97 6.1 6.0 

Myotis thysanodes 5.4-8.4 31-49 6.2 6.1 

Myotis volans 5.5-10.0 40-89 8.3 5.8 

Myotis yumanensis 4.4-8.5 40-80 7.8 6.3 

Myotis lucifugus 6.2-10.2 40-80 7.5 6.0 

     

Open-adapted     

Corynorhinus townsendii 6.0-13.5 20-50 7.2 5.9 

Eptesicus fuscus 8.8-21.9 27-48 9.4 6.4 

Lasionycteris noctivagans 5.8-12.4 25-30 8.2 6.6 

Lasiurus cinereus 20.1-37.9 26-39 16.5 8.1 
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Prey availability --- Refer to Insect community composition in section 2.2.3 in chapter 2. 

Temperature --- Refer to Temperature in section 2.2.3 in chapter 2. 

Vegetation --- Refer to Vegetation in section 2.2.3 in chapter 2. 

3.2.4 Statistical Analyses  

I used the mean number of commuting passes per detector per hour (commuting passes 

detector -1 hour -1), and mean number of foraging attempts per detector per hour 

(foraging attempts detector -1 hour -1) to describe bat activity in unlogged forests, forest 

edges, and cutblocks. I measured 10 variables describing environmental characteristics 

including: habitat type, unlogged forest age-class, vertical vegetation clutter, percent 

canopy cover, temperature, biogeoclimatic unit, transect ID and fraction of the moon 

illuminated (FMI; data taken from Astronomical Application Department 2018; 1 = full 

moon; Table 3.2). I also measured prey availability (total insect biomass per trap per 

hour) and a variable describing the ability of a species to forage in different environment 

(Group; Table 3.2). When two or more variables were highly correlated (r ≥ 0.7), I only 

retained in candidate models those with the greatest biological significance for insect 

community composition based on the literature and experts’ opinions. Therefore, I chose 

to retain vertical vegetation clutter in my models instead of percent canopy cover, two 

highly correlated variables. Vertical forest structure represents one of the most important 

ecological constraints for bat foraging and commuting activity (Brigham et al. 1997, 

Sleep and Brigham 2003). I only used data from 2017 to test the effect of vertical 

vegetation clutter (Table 3.2) on bat activity in the models as no vegetation data were 

collected in 216. Models to test the effect of prey availability (total insect biomass per 
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trap per hour) on bat activity were also created from a subset of the data set as prey 

availability was not measured during each night sampled.  

I used generalized linear mixed-models (GLMMs) with a binomial error 

distribution and a logit link function to characterize mean foraging attempts per detector 

per hour. Zero inflated generalized linear mixed-models (GLMMs) with a binomial error 

distribution and a logit link function were used for mean commuting passes per detector 

per hour. To test the effect of vegetation structure on bat activity, I used models with 

mean commuting passes per detector per hour, and mean foraging attempts per detector 

per hour as response variables and habitat type, unlogged forest age-class, and clutter as 

predictors (Table 3.2). Unlogged forest age-class and clutter were considered in my 

models as aspects of habitat type and were only added in a model when habitat type was 

also present in the model. Prey availability, represented by insect biomass in my models 

(Table 3.2), was also considered as an aspect of habitat type which was also highly 

correlated to temperature. Insect biomass was then only added in a model when habitat 

type was also present, and temperature absent. I also tested the effect of weather, climate, 

and clutter adaptation on the two response variables by separately using models with 

temperature, biogeoclimatic unit, and group as predictors (Table 3.2). Other models 

consisted of combinations of these predictors:  vegetation structure/weather, vegetation 

structure/climate, vegetation structure/clutter adaptations, clutter adaptation/weather, 

clutter adaptation/climate, vegetation structure/clutter adaptations/weather, vegetation 

structure/clutter adaptations/climate, vegetation structure/prey availability/climate, 

vegetation structure/prey availability/clutter adaptation/climate predictors (Table 3.2). 

Interactions between predictors were also tested. I considered fraction of moon 
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illuminated and transect (Table 3.2) as random variables in each model. These random 

variables were included to control for seasonal variation in the response variables caused 

by moon phase (FMI) which can influence the timing and the amount of bat activity 

(Saldaña-Vázquez and Munguía-Rosas 2013, Roeleke et al. 2018), and to avoid spatial 

autocorrelation in the response variables (transect).  All numerical predictors were 

standardized (i.e. data rescaled with a mean of zero and a standard deviation of one) to 

put the numerical predictors on the same scale to enable a comparison of variables’ 

predictive power when they occurred in the same model. I generated eighteen models to 

describe each response variable. Twenty-four and twenty-two models for each response 

variable were constructed to test the importance of vertical vegetation clutter and prey 

availability respectively as predictors of the response variables, in subsequent AIC 

analyses. The importance of clutter and prey availability as predictors was not tested 

with the 2016-17 dataset because vertical vegetation clutter was only measured in 2017, 

and prey availability was not estimated on every transects sampled for bat activity. 

 I used an information theoretic approach (i.e, Akaike Information Criterion; AIC) 

to compare models representing multiple hypotheses about the effects of environmental 

characteristics (vegetation structure, prey availability, weather and climate) on bat 

activity. The different combinations of the variables were ranked according to their AICc 

values (AIC value corrected for small sample size) and weights (wi; Burnham and 

Anderson 2002). I also calculated the relative importance value of each variable found in 

top models by summing the wi of all models in which the variable appeared.  
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Table 3.2. Description of environmental variables used in models to explain mean 

commuting passes per detector per hour (commuting passes detector -1 hour -1), and mean 

foraging attempts per detector per hour (foraging attempts detector -1 hour -1) in the West 

Arm Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. 

Variables Description 

Local scale features  

Clutter adaptation  

Group clutter-adapted bat, open-adapted bat 

Vegetation structure             

Habitat type  cutblock (C), forest edge (E), and unlogged forest (F) 

Unlogged forest age-class 101-120, 121-140, and 141-250 (years) 

Clutter Mean vertical vegetation clutter in each habitat of each 

transect (%)  

Canopy Mean percent canopy cover in each habitat of each 

transect (%) 

Prey availability       

Insect biomass Total insect biomass per trap per hour (Mg trap -1 

hour -1)  

Weather 

      
Temperature Temperature at civil twilight (°C)  

       
Landscape scale features       

Climate 
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Biogeoclimatic unit Vegetation, geography and climate characteristics; 

ICHdw1, ICHmw4, and ESSFwh3 

Random effects 

      
Transect  Transect ID  

FMI Fraction of the moon illuminated  
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After describing bat activity in the study area, I compared the patterns in the 

results found with my 2016-2017 dataset to those reported by Grindal and Brigham 

(1999). To do so, I used the null hypothesis statistical significance testing method with 

the associated p-values because Grindal and Brigham used this method 20+ years ago to 

analyze their datasets. To allow the direct comparison of these patterns, I included in the 

result tables the p values of each predictors found within each model.  I used multiple 

comparison analyses for mixed models (Lenth 2019) to compare significant differences 

between levels of predictors found within the top models suggested by the AIC analyses 

on the 2016-2017 dataset. Statistical analyses were performed using R Statistical 

Environment (R Development Core Team, 2018).    
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3.3 RESULTS 

I deployed bat detectors on a total of 88 nights over the two years study. In total, I 

analyzed 792 hours of bat activity recordings.  

Bat commuting passes ---The highest ranked model with the highest weight (wi = 

0.807) contained biogeoclimatic unit, habitat type*unlogged forest age-class, and habitat 

type*group. The low (< 4) ∆AICc and the high weight (wi = 0.109) of the next best 

model, and the evidence ratio between the two first models (w1/w2 = 7.40) suggested 

strong support for a multimodel inference (Burnham and Anderson 2002, Burnham et al. 

2011; Appendix 1, Table A.1). The variables present in the both models were habitat 

type*unlogged forest age-class, and habitat type*group and their relative importance 

values were 0.98 and 1.00, respectively, suggesting these interactions were key variables 

influencing commuting activity. The other key variable was present in the first model 

only; biogeoclimatic unit (relative importance value = 0.82; Appendix 1, Table A.1). The 

absence of vertical vegetation clutter and insect biomass per trap per hour in the top 

ranked models in the subsequent AIC analyses made with subsets of the original dataset 

suggested that these variables did not have an important influence on commuting activity 

(Burnham and Anderson 2002, Burnham et al. 2011; Appendix 1, Table A.2 and Table 

A.3). 

I found a significant interaction between group and habitat type as predictors of 

commuting activity (Appendix 1, Table A.1; Figure 3.2). Commuting activity of clutter-

adapted bats was not significantly different among the habitat types while commuting 

activity of open-adapted bats was significantly lower in unlogged forests than along 

forest edges (p < 0.001) and cutblocks (p < 0.001; Figure 3.2). Commuting activity of 
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clutter-adapted bats was also significantly lower than commuting activity of open-

adapted bats in the cutblocks (p = 0.002) and forest edges (p= 0.040) and significantly 

higher than activity of open-adapted bats in the unlogged forests (p < 0.001; Figure 3.2).  
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Figure 3.2.   Boxplot of mean commuting passes per detector per hour for clutter and 

open-adapted bats in the three habitat types in the West Arm Demonstration Forest 

(WADF), British Columbia, Canada, 2016-2017. Bold diamonds represent the means. 

Dots represent the outliers. Means with different letters are significantly different (p < 

0.05). Results presented here have been back-transformed from the log scale used as a 

link function for the negative binomial models. 
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I found a significant interaction between the habitat types and the unlogged stand 

age-classes for commuting activity (Appendix 1, Table A.1; Figure 3.3).  Commuting 

activity in forest edges was significantly higher than in cutblocks (p < 0.001) and 

unlogged forests (p < 0.001) in the 121-140 years age-class (Figure 3.3) and significantly 

lower in unlogged forests than cutblocks (p < 0.001) and forest edges (p < 0.001) in the 

141-250 years age-class. (Figure 3.3). I found no significant difference in commuting 

activity for the same habitat type among the different unlogged forest age-classes (Figure 

3.3). 
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Figure 3.3.  Boxplot of mean commuting passes per detector per hour found in the three 

habitat types located in three different unlogged forest age-classes in the West Arm 

Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. Bold diamonds 

represent the means. Dots represent the outliers. Means with different letters are 

significantly different (p < 0.05). The results presented here have been back-transformed 

from the log scale used as a link function for the negative binomial models. 
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I found that the commuting activity among the three biogeoclimatic units was 

significantly higher in ICHdw1 than in ESSFwh3 (p = 0.010, Figure 3.4). No significant 

differences were found between the commuting activity in ICHdw1 and ICHmw4 and 

between ICHmw4 and ESSFwh3 (Figure 3.4). 
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Figure 3.4.  Boxplot of mean commuting passes per detector per hour found in the three 

biogeoclimatic units in the West Arm Demonstration Forest (WADF), British Columbia, 

Canada, 2016-2017. Bold diamonds represent the means. Dots represent the outliers.  

Means with different letters are significantly different (p < 0.05). Results presented here 

have been back-transformed from the log scale use as a link function for the negative 

binomial models. 
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Bat foraging attempts ---My AIC analyses suggested weak support for a single best 

model explaining mean foraging attempts. The highest ranked model contained habitat 

and temperature (wi = 0.287). Five other models with low (< 4) ∆AICc and low evidence 

ratio (w1/w2 = 1.30; w1/w3 = 2.05; w1/w4 = 2.43; w1/w5 = 3.73; w1/w6 = 6.38) were also 

retained in the model competition for a multimodel inference (Burnham and Anderson 

2002, Burnham et al. 2011; Appendix 1, Table A.4). Temperature was a key predictor of 

foraging activity (relative importance value = 0.77). Based on the selected models,  

habitat type*unlogged forest age-class (relative importance value = 0.41), habitat type 

(relative importance value = 0.39) and habitat type*group (relative importance value = 

0.35) were variables of interest affecting foraging activity (Burnham and Anderson 2002, 

Burnham et al. 2011; Appendix 1, Table A.4). The absence of vertical vegetation clutter 

and insect biomass  in the top ranked models in the subsequent AIC analyses using 

subsets of the original dataset suggested that these variables did not influence foraging 

activity (Burnham and Anderson 2002, Burnham et al. 2011; Appendix 1, Table A.5 and 

Table A.6). 

I found a significant positive effect of temperature on foraging activity (p= 0.030, 

Figure 3.5, Appendix 1 Table A.4). I also found a significant interaction between group 

and habitat type as a predictor of foraging activity (Appendix 1, Table A.4). Foraging 

activity for both bat groups was significantly higher in cutblocks (clutter, p = < 0.001; 

open, p < 0.001) and forest edges (clutter, p = < 0.001; open, p < 0.001) than in unlogged 

forests (Figure 3.6). 
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Figure 3.5.  Expected mean foraging attempts per detector per hour on transects in the 

West Arm Demonstration Forest (WADF), British Columbia (Canada), 2016-2017, 

based on the most parsimonious models (Appendix 1, Table A.4) in relation to 

temperature at civil twilight. The black line represents the prediction of the models with 

95% confidence intervals between the dashed lines. 
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Figure 3.6.  Boxplot of mean foraging attempts per detector per hour for clutter and 

open-adapted bats in the three habitat types in the West Arm Demonstration Forest 

(WADF), British Columbia, Canada, 2016-2017. Bold diamonds represent the mean. 

Dots represent the outliers. Means with different letters are significantly different (p < 

0.05). Results presented here have been back-transformed from the log scale used as a 

link function for the negative binomial models. 
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I found a significant interaction between unlogged forest age-class and habitat 

type as a predictor of foraging activity (Appendix 1, Table A.4). Foraging activity was 

significantly higher in cutblocks (101-121 years, p < 0.001; 121-140 years, p=0.002; 

141-250 years, p < 0.001) and forest edges (101-121 years, p = 0.008; 121-140 years, p < 

0.001; 141-250 years, p < 0.001) than in unlogged forests for all the unlogged forest age-

classes (Figure 3.7). Along forest edges, foraging activity was significantly higher in the 

121-140 years age-class than the 101-120 years age-class and (p = 0.04, Figure 3.7).  
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Figure 3.7.  Boxplot of mean foraging attempts per detector per hour found in the three 

habitat types located in three different unlogged forest age-classes in the West Arm 

Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. Bold diamonds 

represent the means. Dots represent the outliers. Means with different letters are 

significantly different (p < 0.05). Results presented here have been back-transformed 

from the log scale used as a link function for the negative binomial models. 
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The absence of biogeoclimatic unit in my highest ranked models (Appendix 1, Table 

A.4) suggested that the influence of this variable on the foraging activity in my results 

was limited.  
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3.4 DISCUSSION 

As predicted, I found that bat commuting activity was influenced by both landscape and 

local scale features. However, contrary to my predictions foraging activity was only 

driven by local scale features (refer to table 3.4). Overall, habitat type interacting with 

bat clutter adaptations and unlogged stand-age classes separately along with climate 

(biogeoclimatic unit), were the main factors influencing commuting activity of bats. My 

results also suggest that foraging activity of bats was mainly influenced by these 

interactions as well as temperature and was not influenced by biogeoclimatic unit. 

3.4.1 Vegetation structure influences bat groups habitat use 

Habitat structure is a major factor influencing bat activity (Adams et al. 2009, Jung et 

al. 2012, Froidevaux et al. 2016). The most relevant ecological constraint to define 

borders between different habitats used by bats is the proximity between prey items and 

background clutter. In open space, clutter echoes do not interfere with prey echoes as the 

distance between prey and clutter are too large while in edge and narrow spaces, clutter 

echoes respectively follow and mask prey echoes (Fenton 1990, Schnitzler and Kalko 

2001, Schnitzler et al. 2003, Denzinger and Schnitzler 2013). These masking effects 

between the echoes of prey and clutter likely complicate the detection, classification and 

location of the targets by bats as they need to discern between prey and clutter echoes to 

simultaneously orientate themselves while foraging. Thus depending on their 

echolocation behaviour, spatial limits can prevent bats from efficiently avoiding 

obstacles while foraging (Schnitzler et al. 2003) and may contribute to niche partitioning 

among species (Sleep and Brigham 2003) in different habitat types. As a result, open-

adapted and clutter-adapted bats typically have different echolocation behaviour 
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(Aldridge and Rautenbach 1987, Fenton 1990, Schnitzler and Kalko 2001) as well as  

different wing morphologies and flight capabilities (Aldridge and Rautenbach 1987, 

Norberg and Rayner 1987, Fenton 1990). The link between bat clutter adaption and 

habitat structure have been reported in many studies of both long and short-term effects 

of different timber harvest practices on bat activity and habitat use (Brigham et al. 1997, 

Law and Chidel 2001, Menzel et al. 2005, Loeb and O’Keefe 2006, Morris et al. 2010, 

Webala et al. 2011, Dodd et al. 2012, Bender et al. 2015, Luszcz and Barclay 2016). 

Key findings in my study were that, contrary to my predictions, overall open and 

clutter-adapted bat commuting and foraging activity were not significantly different 

between cutblocks and forest edges, while Grindal and Brigham found that bat activity 

was significantly higher along forest edges than in cutblocks. Further, I found that bat 

activity in cutblocks and along forest edges was significantly higher or not significantly 

different in forest edges and cutblocks relative to unlogged forests. These trends were 

reported by Grindal and Brigham who found that bat activity was always significantly 

higher along forest edges than in unlogged forests, and significantly higher or not 

significantly different in cutblocks than in unlogged forests. My results are surprising 

because, 20-60 years after clear-cutting, forest regrowth in western temperate forests of 

North America are generally still characterized by an even-aged cohort of pioneer trees 

representing a dense and cluttered structure relative to old-growth forests (Tappeiner et 

al. 1997, Donato et al. 2012). It is then unlikely that the larger and less manoeuvrable, 

open-adapted bats (Aldridge and Rautenbach 1987, Norberg and Rayner 1987) were able 

to forage and commute within these cutblocks.  It is also unlikely that clutter-adapted 

bats were foraging and commuting more efficiently within cutblocks than in less 
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cluttered old-growth forests. Further, several studies suggest that bats are the most active 

in early and late-successional forest stands and least active in mid-successional forest 

stands (Menzel et al. 2005, Loeb and O’Keefe 2006) 

 I believe that these results occurred because the detectors, pointing upwards in the 

forest, were recording echolocation calls and feeding buzzes from bats flying above the 

canopy of the regenerating forest edges and cutblocks (5-20 m high; MFLNRO 2015). 

The detection range of detectors similar to mine was calculated by Brigham et al. (1997) 

to evaluate their ability to record echolocation calls above a zone of artificial clutter (>18 

m high). According to their estimates, it is likely that my detectors recorded echolocation 

calls from the large open-adapted bats up to 25 m away (Brigham et al. 1997) following 

the horizontal edges formed by the top of the forest canopy. It is also possible that 

detectors were recording echolocation calls emitted by open-adapted bats flying above 

the lower parts of the canopy of unlogged forests (20-37m high; MFLNRO 2015).  

However, it is unlikely that most of the echolocation calls emitted by clutter-adapted 

bats flying above canopy were recorded by detectors located in cutblocks and along 

forest edges. Higher frequency calls (40 kHz) can be recorded with this type of detector 

at a maximum distance of ~10 m (Downes 1982). Higher frequency calls have a higher 

rate of atmospheric attenuation and travel smaller distances than lower frequency calls 

(e.g., 25 kHz; Griffin 1971). Consequently, considering that the canopy height in 

cutblocks and forest edges was 5 to 20 m above ground (MFLNRO 2015), the 

echolocation calls of clutter-adapted bats would have only been recorded by the detectors 

when the canopy in cutblocks and along forest edges was lower than 10 m. In addition, 
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no clutter-adapted bat flying above the canopy in the unlogged forest would have been 

detected.  

The significantly higher commuting activity of open-adapted bat along forest edges 

and in cutblocks, may be a direct effect of differences in echolocation calls structure and 

thus rate of atmospheric attenuation. This pattern in the results must be considered 

carefully, assuming that bats were flying above the canopy to forage and commute.  This 

overestimation was not observed for open-adapted bat foraging activity along forest 

edges and in cutblocks as foraging activity was not significantly different between the 

two bat groups. It is unclear why open-adapted bat foraging activity was not different 

from clutter-adapted bat foraging activity in these two habitat types. Clutter and open-

adapted bats commuting and foraging activity should have followed the same pattern 

because these two types of activity were strongly correlated. 

Bats display vertical distribution while commuting and foraging (Kalcounis et al. 

1999, Menzel et al. 2005).  Further, logging history and bat ecomorphological 

characteristics affect the pattern and degree of this distribution (Adams et al. 2009). The 

commuting and foraging activity by large bats is higher above than below the canopy 

based on studies comparing mature forest and young post-harvest forest regrowth 

(Menzel et al. 2005, Luszcz and Barclay 2016).  It was also higher in studies focussing 

on old-growth forests (Kalcounis et al. 1999, Müller et al. 2013) and those evaluating the 

effect of artificial clutter on bat activity (Brigham et al. 1997).  The results of these 

studies also suggest that clutter-adapted bats exploit the top of the canopy even if they 

can forage and commute in spatially complex habitat with higher prey availability like 
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unlogged forests (Kalcounis et al. 1999, Patriquin and Barclay 2003, Menzel et al. 2005, 

Müller et al. 2013).  

Moreover, the absence of a significant difference between bat activity in 

cutblocks and along forest edges suggests that bats now use vertical forest edges formed 

by the height difference between unlogged forest stands and forest regrowth (Morris et 

al. 2010) as often as horizontal forest edges formed by the forest regrowth canopy. These 

blurring vertical forest edges may thus still function as windbreaks that collect insects 

like the abrupt forest edges created by timber harvest (Pasek 1988, Swystun et al. 2001), 

and as navigational landmarks (Verboom and Spoelstra 1999, Verboom et al. 1999) 

Many studies suggested that twenty to sixty years after timber harvest, clutter-

adapted bats foraging and commuting within the vegetation still use regenerating forests 

infrequently and prefer to commute (Thomas 1988, Humes et al. 1999, Law and Chidel 

2001, Luszcz and Barclay 2016) and forage in mature forests (Loeb and O’Keefe 2006, 

Morris et al. 2010, Blakey et al. 2016). My results are consistent with these trends, 

suggesting that clutter-adapted bat activity within unlogged forests was higher 20-60 

years after forest harvesting. I found higher levels of foraging activity by clutter-adapted 

bat in the unlogged forests than did Grindal and Brigham in 1993-94. I also found 

significantly higher commuting activity by clutter-adapted bats compared to open-

adapted ones in the unlogged forests while no significant differences were found by 

Grindal and Brigham.  

3.4.2 Unlogged forest stand age-classes influence bat habitat use 
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Stand-age influences the amount and the arrangement of clutter in a forest. Remnants 

of old growth forest in fragmented landscapes makes for higher structural heterogeneity 

with more openings and less clutter (Humes et al. 1999, Jung et al. 2012), and also offers 

a greater availability of potential roosts for bats (e.g., dead trees and snags; Thomas 

1988, Crampton and Barclay 1998). Clutter-adapted bat activity, especially commuting 

from roosts to feeding areas, is thus often greater in these forests than in structurally 

more cluttered young forests (Thomas 1988, Krusic et al. 1996, Crampton and Barclay 

1998, Kalcounis et al. 1999, Luszcz and Barclay 2016).  

Remnant forests also act as source populations from where forest organisms can 

recolonize disturbed areas (reviewed in Baker et al. 2013). Proximity to unlogged forest 

edges generates microclimatic conditions creating a microclimate gradient with the 

adjacent disturbed areas which enables mature-forest organisms to gradually re-establish 

in these areas (Heithecker and Halpern 2007, Dovčiak and Brown 2014). Remnant forest 

structure can influence this microclimatic gradient (Matlack 1993, Chen et al. 1995). The 

effects of unlogged forest on adjacent disturbed areas is known as “forest influence” 

(Keenan and Kimmins 1993). The magnitude and distance of forest influence will 

change with time since harvesting, while vegetation regenerates in the cutblock (Baker et 

al. 2014, Fountain-Jones et al. 2015). 

Contrary to Grindal and Brigham who found no differences between commuting 

and foraging activity among the unlogged forest stand age-classes in 1993-94, my results 

suggest that bats preferred to forage along the soft edges (Morris et al. 2010) formed by 

the 121-140 years old unlogged forest stands and the adjacent regenerating cutblocks. It 

is unclear to me why this trend was observed as, based on the information collected in 
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the field and available from the vegetation map of the area (MFLNRO 2015), no 

important structural differences existed between the unlogged forests. One possible 

explanation is that bat activity was higher in the 121-140 years old unlogged forest age-

class category because this category contained the highest amount of unlogged forests 

located in the lowest biogeoclimatic zone in my study area (ICHdw1) where I found that 

bats were the most active.  

3.4.3 Climate and weather influence bat habitat use 

In addition to the effect of timber harvest itself, climate and weather also 

influence bat activity (Müller et al. 2012, Luszcz and Barclay 2016). Mean temperature 

range is one of the most important factors influencing above ground consumers, like 

bats, along a climate gradient (McCain 2007, Sundqvist et al. 2013) like the one formed 

by the different biogeoclimatic units in my study area. Lower temperatures at higher 

elevations lead to physiological constraints that can limit bat activity in these forests 

(Graham 1983). Moreover, nightly temperature variation affects insect activity which 

will likely have trickle down effects on bat foraging activity (e.g., Wolbert et al. 2014, 

Brooks et al. 2017). Whether bats are affected directly by temperature or indirectly 

through variation in prey availability is still a matter of debate (Hayes 1997, Müller et al. 

2012). As predicted, I found that bat commuting activity was significantly higher at 

lower elevations than at higher elevations, a trend also reported by Grindal and Brigham. 

Further, I found that foraging activity was positively correlated with temperature, an 

aspect not evaluated by Grindal and Brigham. 

The absence of insect biomass in my top models suggests that prey availability 

was not a good predictor of bat habitat use. These results are not surprising given that I 
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found insect biomass to be equally distributed across unlogged forest, regenerating forest 

edges, and cutblocks (see chapter 2). Consequently, it is likely that prey availability 

played a secondary role in influencing bat habitat use (Law and Chidel 2001, Morris et 

al. 2010, Webala et al. 2011, Dodd et al. 2012, Blakey et al. 2016). It is also possible that 

the prey availability I measured with insect traps at ground level (see chapter 2) had no 

effect on bat activity if, as suggested by my results, bats were using the forest canopy as 

a horizontal edge to commute and forage.  In order to examine the importance of prey 

availability at the canopy level for bat habitat use, using insect traps in the canopy as 

well would be useful. 

The absence of vertical vegetation clutter in my top models, even though this 

variable represents one of the most important factors thought to influence bat activity, 

was also surprising.  One possible explanation is that the vertical vegetation clutter I 

measured from the ground to 2.5 m with the clutter board was not an aspect affecting 

foraging and commuting bats (Froidevaux et al. 2016) which were likely exploiting the 

forest strata close to the canopy. 

Finally, contrary to Grindal and Brigham, I undertook no analyses of bat foraging 

rate per detector per hour (foraging attempts /commuting passes detector -1 hour -1). 

Atmospheric attenuation (Griffin 1971) coupled with the differences between clutter and 

open-adapted bat echolocation calls’ frequency range (Thomas and West 1989) likely 

alter estimates of foraging rate differentially for clutter and open-adapted bats. Because 

lower frequency calls travel greater distance in the air than higher frequency calls 

(Griffin 1971), it is likely that open adapted bat echolocation calls were better detected 

than calls emitted by clutter-adapted bats. Thus, it is possible that clutter and open-
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adapted foraging rates were overestimated and underestimated respectively by Grindal 

and Brigham.  

Overall, bat commuting and foraging activity in naturally regenerating cutblocks 

were both mainly influenced by habitat type interacting with bat clutter adaptations and 

unlogged stand-age classes separately. Climate (biogeoclimatic unit) and weather 

(temperature) also influenced bat commuting and foraging activity respectively. I found 

no support for my prediction stating that bat community and foraging activity should be 

higher in the unlogged forests.  I suggest that the regeneration of the vegetation in the 

cutblocks adjacent to unlogged forests provoked a change in habitat use by the bat 

community.  Foraging and commuting open and clutter-adapted bat activity was higher 

in cutblocks and along forest edges than in the unlogged forests. Because regenerating 

stands were shorter than unlogged stands, I may have detected clutter and open-adapted 

bats flying above the canopy of these dense and highly cluttered forest regrowth. I may 

have also detected bats following the remaining forest edges above the canopy. I also 

suggest that clutter-adapted bats were more active in unlogged forest stands than they 

were shortly after clear-cutting. 
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CHAPTER FOUR-GENERAL CONCLUSION 

 

4.1 SUMMARY AND RECOMMENDATIONS 

In a context of important bat population declines in North America, mainly caused by the 

white-nose syndrome (COSEWIC 2013), understanding how insectivorous bat 

communities and their insect prey communities respond to other potential stressors such 

as forest harvesting over time is essential. This knowledge is of importance to improve 

conservation plans for bat and insect populations. To enhance our knowledge about bat 

habitat use after timber harvest over time, I evaluated the long-term effects of openings 

created by clear-cutting in a western temperate forest of North America.  Specifically, I 

evaluated habitat use by the community of bats and community composition of their 

insect prey in three different habitat types created by timber harvest (i.e. regenerating 

cutblocks, forest edges, and adjacent unlogged forest). Further, I examined the influence 

of different habitat features at both local and landscape scales on insect richness and 

biomass, and bat foraging and commuting activity. I also compared the patterns which I 

found with those reported by Grindal and Brigham (1999) from the same study area 20+ 

years ago (1993-94). My study is among the first to undertake a direct replication of a 

previous study to assess whether there are changes in habitat use by bats in a recovering 

disturbed environment. 

In chapter 2, I focused on documenting the state of recovery of the insect 

community (richness and biomass) in and adjacent to natural secondary forest regrowth 

20+ years after clear-cutting. By using insect traps at ground level on transects, I found 

evidence that habitat structural complexity created by vegetation and nightly 

temperature, two local scale habitat features, were the main factors influencing insect 
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community composition. I showed that insect richness and biomass significantly 

increased in cutblocks, relative to forest edges and unlogged forests, when compared 

with the data published by Grindal and Brigham in 1999. I also found that the number of 

insect orders contributing to the total biomass was higher in regenerating cutblocks than 

in the same locations shortly after clear-cutting in 1993-94. These trends reflect the 

recolonization process occurring within harvested areas (Baker et al. 2013) that 

ultimately caused an increase in the species assemblage of insects in these areas 

(Schowalter 1995). Moreover, given the absence of a significant difference in insect 

biomass among the three habitat types (i.e. cutblocks, forest edges, and unlogged 

forests), I concluded that cutblocks were sampled during the canopy closure process 

(MFLNRO 2015). This process causes insect community composition to gradually 

change and reach a new stable state (Summerville et al. 2009) that can begin to resemble 

unlogged forest assemblages (Koivula et al. 2002, Buddle et al. 2006). 

In chapter 3, I evaluated, at a community level, changes in habitat use by bats 20+ 

years after clear-cutting in and adjacent to the same naturally regenerating clear-cuts that 

I sampled for the data presented in chapter 2. To do so, I measured bat activity on the 

same transects with heterodyne bat detectors and categorized recorded echolocation calls 

as either emitted by clutter or open-adapted bats. I also separated calls as commuting 

passes or foraging attempts. I showed that the interaction between bat clutter adaptation 

and habitat type as well as unlogged forest stand-age class and habitat type are important 

predictors of bat commuting and foraging activity at local scale. I also showed that 

climate (considered as a landscape scale habitat feature in my study) and weather 
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(considered as a local scale habitat feature in my study) influenced respectively bat 

commuting and foraging activity as well.  

Contrary to the trend reported by Grindal and Brigham who suggested that bat 

activity was significantly higher along forest edges than in cutblocks, I found that there 

was no significant difference between bat activity within cutblocks and forest edges for 

the two bat groups. Trends also reported by Grindal and Brigham in 1993-94 suggested 

that bat activity was always significantly higher along forest edges than in unlogged 

forests, and significantly higher or not significantly different in cutblocks than in 

unlogged forests. I found these trends in my results that suggested that bat activity in 

cutblocks and along forest edges was significantly higher or not significantly different 

relative to unlogged forests. I propose that these somewhat “surprising” results in the 

regenerating cutblocks and along forest edges stem from the nature of the manner in 

which I detected echolocation calls emitted by clutter and open-adapted bats flying 

above the canopy and thus avoiding the dense and cluttered natural regeneration in the 

cutblocks.  

Many studies report this pattern of bat activity (Kalcounis et al. 1999, Menzel et 

al. 2005, Müller et al. 2013). The absence of a significant difference in bat activity 

between forest edges and cutblocks also suggest that 20+ years after timber harvest, bats 

use vertical forest edges above the canopy as well as the horizontal forest edges formed 

by the forest regrowth canopy to forage and commute. In addition, my results show that 

clutter-adapted bats flying within vegetation use more old-growth forests to forage in and 

commute through relative to regenerating cutblocks (Loeb and O’Keefe 2006, Morris et 

al. 2010), while in 1993-94 bats were only roosting in unlogged forests and foraged 
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along the open forest edges and cutblocks. Based on these findings, I conclude that the 

bat community in the Nelson region is still using the harvested regenerating areas and the 

adjacent remnant forests to commute and forage. 

By comparing bat activity during the two time periods during the regeneration of 

the same harvested areas, my research explored a cost and time effective way to study 

foraging and commuting bats’ behavioural adaptations in a growing and recovering 

environment. I found that 20-60 years after even-aged treatments bat community and 

their insect prey community composition are slowly recovering from forest harvesting in 

the regenerating cutblocks. My study also suggests that the bats are resilient to long-term 

effects of forest harvesting as they can adapt the way they use harvested areas according 

to the structural changes occurring within these areas over time. These trends in my 

results concur with previous studies examining bat community habitat use during this 

long post-harvest regeneration phase (Blakey et al. 2016, Luszcz and Barclay 2016).  

However, to enhance our understanding of these complex changes in bat 

community habitat use over time in response to timber harvest, further researches 

comparing several snapshots during the complete regeneration cycle of the forests or 

maintaining long-term monitorings of bat habitat use in harvested forests need to be 

undertaken. Moreover, to clarify bat activity patterns in the different habitat types, 

measuring bat activity (Kalcounis et al. 1999, Menzel et al. 2005) and prey availability 

(Adams et al. 2009) at different heights within stands and above the canopy is necessary. 

Many studies also highlight the high variability of bat species responses to forest 

harvesting (Law and Chidel 2001, Patriquin and Barclay 2003, Titchenell et al. 2011, 

Webala et al. 2011, Pauli et al. 2015). Identifying bat to species through echolocation 



136 
 

call analyses would help better understand the different activity patterns present within 

bat community. However, bat species identification with bioacoustics data can be 

challenging as many factors can affect the accuracy of the identification (e.g., intra and 

interspecific echolocation calls variations; Russo et al. 2018, and lack of standardize 

ways to conduct manual identification of echolocation calls; Fraser 2018) .  

Further, I found, like many other studies, that bat groups (i.e. open and clutter-

adapted bats) respond to stand structure differently mostly according to their tolerance to 

clutter. Thus, I recommend that forest managers should prioritize management strategies 

that generate a mosaic of stand-age classes and vegetation structural complexity to 

accommodate the different habitat requirements of open and clutter-adapted bat species. 

Management practices that decrease clutter density in dense regenerating harvested 

stands, such as forest thinning, need to be evaluated as a means of increasing the 

intermediate-aged stand interior suitability for foraging and commuting bats (Humes et 

al. 1999, Cox et al. 2016, Law et al. 2018). However, forest thinning should be 

undertaken with caution as bat responses to thinning may vary with species (Patriquin 

and Barclay 2003), and the responses by other taxa to forest thinning are still not fully 

understood (Verschuyl et al. 2011). 
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APPENDIX 1—BAT MODEL RESULTS TABLES 

 

Table A.1. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), degree of freedom 

(df), and results of the candidate models describing mean commuting passes per detector 

per hour, in the West Arm Demonstration Forest (WADF), British Columbia, Canada, 

2016-2017. Transect ID and Fraction of moon illuminated (FMI) were included as 

random effect in all models. See Table 3.2 for description of each variable.   

              n = 508 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Biogeoclimatic unit 

0.00 0.807 1.00 18 

      

(Intercept) 

    

0.25 11.27 < 0.001 

121-140 

    

0.26 -1.01 0.315 

141-250 

    

0.25 -1.08 0.279 

HabitatE 

    

0.20 -0.95 0.344 

HabitatF 

    

0.21 1.06 0.290 

Open 

    

0.13 3.05 0.002 

ICHdw1 

    

0.23 2.91 0.004 

ICHmw4 

    

0.23 1.07 0.285 

121-140: HabitatE 

    

0.24 3.54 < 0.001 

141-250: HabitatE 

    

0.22 1.58 0.115 
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121-140: HabitatF 

    

0.24 1.28 0.201 

141-250: HabitatF 

    

0.23 -1.08 0.279 

HabitatE: Open 

    

0.17 -0.75 0.456 

HabitatF: Open 

    

0.18 -6.09 < 0.001 

Habitat*Unlogged forest, 

Habitat*Group 

4.01 0.109 7.40 16 

   
(Intercept) 

 

   

3.20 0.23 < 0.001 

121-140 

    

-0.28 0.29 0.340 

141-250 
 

   

-0.32 0.29 0.263 

HabitatE 
 

   

-0.19 0.20 0.349 

HabitatF 
 

   

0.20 0.21 0.318 

Open 

    

0.37 0.13 0.003 

121-140: HabitatE 

    

0.82 0.24 0.001 

141-250: HabitatE 

    

0.34 0.22 0.124 

121-140: HabitatF 

    

0.32 0.24 0.184 

141-250: HabitatF 

    

-0.24 0.23 0.301 

HabitatE: Open 

    

-0.12 0.18 0.500 

HabitatF: Open 

    

-1.10 0.18 < 0.001 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Temperature 

5.14 0.062 13.02 17 

   
(Intercept) 

    

3.20 0.22 < 0.001 

121-140 

    

-0.26 0.29 0.371 
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141-250 

    

-0.31 0.28 0.268 

HabitatE 

    

-0.21 0.20 0.309 

HabitatF 

    

0.19 0.21 0.354 

Open 

    

0.37 0.13 0.003 

Temperature 

    

0.05 0.05 0.314 

121-140: HabitatE 

    

0.82 0.24 0.001 

141-250: HabitatE 

    

0.35 0.22 0.119 

121-140: HabitatF 

    

0.32 0.24 0.188 

141-250: HabitatF 

    

-0.25 0.23 0.286 

HabitatE: Open 

    

-0.11 0.18 0.519 

HabitatF: Open 

    

-1.09 0.18 < 0.001 

Habitat*Group, 

Biogeoclimatic unit 7.71 0.017 47.47 12 

   
(Intercept) 

   

 
2.65 0.21 < 0.001 

HabitatE 

   

 
0.26 0.13 0.038 

HabitatF 

   

 
0.23 0.13 0.074 

Open 

   

 
0.40 0.13 0.002 

ICHdw1 

   

 
0.67 0.25 0.007 

ICHmw4 

   

 
0.24 0.26 0.351 

HabitatE: Open 

   

 
-0.17 0.18 0.344 

HabitatF: Open 

   

 
-1.14 0.19 < 0.001 

Habitat*Group 10.66 0.004 201.75 10 

   
(Intercept) 

   

 
3.00 0.15 < 0.001 
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HabitatE 

    

0.25 0.13 0.046 

HabitatF 

    

0.22 0.13 0.079 

Open 

    

0.40 0.13 0.002 

HabitatE: Open 

    

-0.16 0.18 0.377 

HabitatF: Open 

    

-1.13 0.19 < 0.001 

Habitat*Group, 

Temperature 12.10 0.002 403.50 11 

   
(Intercept) 

    

3.01 0.15 < 0.001 

HabitatE 

    

0.24 0.13 0.057 

HabitatF 

    

0.21 0.13 0.103 

Open 

    

0.40 0.13 0.002 

Temperature 

    

0.04 0.05 0.424 

HabitatE: Open 

    

-0.15 0.18 0.388 

HabitatF: Open         -1.13 0.19 < 0.001 

 

  



146 
 

Table A.2. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/w
i), degree of freedom 

(df), and results of the candidate models describing the influence of vertical vegetation 

clutter on mean commuting passes per detector per hour, in the West Arm Demonstration 

Forest (WADF), British Columbia, Canada, 2017. Transect ID and Fraction of moon 

illuminated (FMI) were included as random effect in all models. See Table 3.2 for 

description of each variable. 

              n = 336 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat*Group 0.00 0.264 1.00 10       

(Intercept)     2.86 0.15 < 0.001 

HabitatE     0.10 0.14 0.447 

HabitatF     0.24 0.14 0.081 

Open     0.56 0.13 < 0.001 

HabitatE: Open     -0.15 0.19 0.414 

HabitatF: Open     -1.40 0.20 < 0.001 

Habitat*Group, Temperature 0.02 0.261 1.01 11    

(Intercept)     2.88 0.15 < 0.001 

HabitatE 

    

0.08 0.14 0.582 

HabitatF 

    

0.21 0.15 0.128 

Open 

    

0.56 0.13 < 0.001 

Temperature 

    

0.09 0.06 0.144 

HabitatE: Open 

    

-0.15 0.19 0.441 
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HabitatF: Open 

    

-1.39 0.20 < 0.001 

Habitat*Group, 

Biogeoclimatic unit 

0.42 0.214 1.23 12    

(Intercept)     2.55 0.22 < 0.001 

HabitatE 

    

0.10 0.14 0.450 

HabitatF 

    

0.24 0.14 0.083 

Open 

    

0.56 0.13 < 0.001 

ICHdw1 

    

0.54 0.27 0.042 

ICHmw4 

    

0.36 0.26 0.177 

HabitatE: Open 

    

-0.15 0.19 0.415 

HabitatF:Open 

    

-1.40 0.20 < 0.001 

Habitat*Unlogged forest 

age-class, Habitat*Group 

2.38 0.080 3.30 16    

(Intercept)     2.87 0.24 < 0.001 

121-140 

    

-0.10 0.31 0.748 

141-250 

    

0.05 0.30 0.875 

HabitatE 

    

-0.26 0.21 0.225 

HabitatF 

    

0.04 0.21 0.864 

Open 

    

0.54 0.13 < 0.001 

121-140: HabitatE 

    

0.69 0.25 0.005 

141-250: HabitatE 

    

0.29 0.23 0.217 

121-140: HabitatF 

    

0.53 0.25 0.036 

141-250: HabitatF 

    

0.06 0.25 0.793 
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HabitatE: Open 

    

-0.13 0.19 0.491 

HabitatF: Open 

    

-1.39 0.19 < 0.001 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Biogeoclimatic unit 

2.67 0.070 3.77 18    

(Intercept)     2.58 0.27 < 0.001 

121-140 

    

-0.12 0.28 0.679 

141-250 

    

0.01 0.28 0.957 

HabitatE 

    

-0.26 0.21 0.214 

HabitatF 

    

0.04 0.21 0.863 

Open 

    

0.54 0.13 < 0.001 

ICHdw1 

    

0.53 0.25 0.036 

ICHmw4 

    

0.37 0.25 0.139 

121-140: HabitatE 

    

0.70 0.25 0.005 

141-250: HabitatE 

    

0.30 0.24 0.205 

121-140: HabitatF 

    

0.53 0.25 0.036 

141-250: HabitatF 

    

0.06 0.25 0.803 

HabitatE: Open 

    

-0.13 0.19 0.490 

HabitatF: Open 

    

-1.40 0.19 < 0.001 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Temperature 

2.78 0.066 4.00 17 

   
(Intercept) 

    

2.89 0.23 < 0.001 
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121-140 

    

-0.09 0.30 0.770 

141-250 

    

0.06 0.29 0.846 

HabitatE 

    

-0.27 0.21 0.195 

HabitatF 

    

0.02 0.21 0.911 

Open 

    

0.54 0.13 < 0.001 

Temperature 

    

0.08 0.06 0.176 

121-140: HabitatE 

    

0.67 0.25 0.007 

141-250: HabitatE 

    

0.28 0.23 0.232 

121-140: HabitatF 

    

0.51 0.25 0.043 

141-250: HabitatF 

    

0.04 0.25 0.856 

HabitatE: Open 

    

-0.12 0.19 0.523 

HabitatF: Open 

    

-1.38 0.19 < 0.001 

Habitat*Clutter, 

Habitat*Group, 

Biogeoclimatic unit 

5.65 0.016 16.5 15 

   
(Intercept) 

    

2.35 0.33 < 0.001 

Clutter 

    

0.00 0.00 0.417 

HabitatE 

    

0.32 0.28 0.252 

HabitatF 

    

0.32 0.29 0.269 

Open 

    

0.55 0.13 < 0.001 

ICHdw1 

    

0.58 0.26 0.028 

ICHmw4 

    

0.40 0.26 0.127 

Clutter: HabitatE 

    

 -0.00 0.01 0.394 
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Clutter: HabitatF 

    

0.00 0.01 0.934 

HabitatE: Open 

    

 -0.15 0.19 0.440 

HabitatF: Open 

    

 -1.40 0.20 < 0.001 

Habitat*Clutter, 

Habitat*Group, Temperature 

5.68 0.015 17.6 14 

   
(Intercept) 

    

2.75 0.26 < 0.001 

Clutter 

    

0.00 0.00 0.514 

HabitatE 

    

0.26 0.28 0.342 

HabitatF 

    

0.28 0.28 0.323 

Open 

    

0.55 0.13 < 0.001 

Temperature 

    

0.10 0.06 0.131 

Clutter: HabitatE 

    

0.00 0.01 0.448 

Clutter: HabitatF 

    

0.00 0.01 0.994 

HabitatE: Open 

    

-0.14 0.19 0.470 

HabitatF: Open 

    

-1.39 0.20 < 0.001 

Habitat*Clutter, 

Habitat*Group 5.77 0.015 17.6 13 

   
(Intercept) 

    

2.76 0.26 < 0.001 

Clutter 

    

0.00 0.00 0.634 

HabitatE 

    

0.27 0.28 0.328 

HabitatF 

    

0.27 0.29 0.339 

Open 

    

0.55 0.13 < 0.001 

Clutter: HabitatE 

    

0.00 0.01 0.490 
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Clutter: HabitatF 

    

0.00 0.01 0.905 

HabitatE: Open 

    

-0.15 0.19 0.441 

HabitatF: Open         -1.40 0.20 < 0.001 
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Table A.3. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), degree of 

freedom (df), and results of the candidate models describing the influence of prey 

availability on mean commuting passes per detector per hour, in the West Arm 

Demonstration Forest (WADF), British Columbia, Canada, 2016-2017. Transect ID and 

Fraction of moon illuminated (FMI) were included as random effects in all models. See 

Table 3.2 for a description of each variable.   

              n = 136 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat*Group 0.00 0.351 1.00 10       

(Intercept)     3.12 0.23 < 0.001 

HabitatE 

    

0.28 0.23 0.228 

HabitatF 

    

-0.12 0.24 0.622 

Open 

    

0.43 0.23 0.067 

HabitatE: Open 

    

-0.22 0.32 0.504 

HabitatF: Open 

    

-1.06 0.35 0.002 

Habitat*Group, Biogeoclimatic 

unit 1.43 0.172 2.04 12 

   
(Intercept) 

    

2.68 0.25 < 0.001 

HabitatE 

    

0.35 0.23 0.130 

HabitatF 

    

-0.11 0.24 0.633 

Open 

    

0.44 0.23 0.058 

ICHdw1 

    

0.73 0.28 0.009 
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ICHmw4 

    

0.34 0.25 0.173 

HabitatE: Open 

    

-0.28 0.33 0.391 

HabitatF: Open 

    

-1.04 0.35 0.003 

Habitat*Group, Temperature 1.92 0.135 2.60 11 

   
(Intercept)     3.11 0.23 < 0.001 

HabitatE 
 

   

0.29 0.23 0.216 

HabitatF 

    

-0.09 0.24 0.718 

Open 
 

   

0.43 0.23 0.066 

Temperature 
 

   

-0.10 0.15 0.509 

HabitatE: Open 
 

   

-0.21 0.32 0.515 

HabitatF: Open 

    

-1.07 0.35 0.002 

Habitat 2.64 0.094 3.73 7 

   
(Intercept) 

    

3.32 0.20 < 0.001 

HabitatE 

    

0.18 0.17 0.293 

HabitatF 

    

-0.59 0.18 0.001 

Habitat, Biogeoclimatic unit 3.22 0.070 5.01 9 

   
(Intercept) 

    

2.92 0.22 < 0.001 

HabitatE 

    

0.21 0.17 0.224 

HabitatF 

    

-0.59 0.18 0.001 

ICHdw1 

    

0.70 0.28 0.012 

ICHmw4 

    

0.34 0.25 0.179 

Habitat, Temperature 4.71 0.033 10.64 8 

   
(Intercept) 

    

3.32 0.20 < 0.001 
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HabitatE 

    

0.19 0.17 0.280 

HabitatF 

    

-0.58 0.19 0.002 

Temperature 

    

-0.07 0.15 0.669 

Habitat*Biomass, 

Habitat*Group 4.74 0.033 10.64 13 

   
(Intercept) 

    

3.09 0.23 < 0.001 

Biomass 

    

0.06 0.13 0.627 

HabitatE 

    

0.29 0.23 0.213 

HabitatF 

    

 -0.13 0.24 0.593 

Open 

    

0.45 0.23 0.052 

Biomass: HabitatE 

    

 -0.26 0.18 0.155 

Biomass: HabitatF 

    

0.02 0.16 0.908 

HabitatE: Open 

    

-0.25 0.32 0.442 

HabitatF: Open 

    

-0.03 0.35 0.003 

Habitat*Biomass, 

Habitat*Group, Biogeoclimatic 

unit 

5.26 0.025 14.04 15 

   
(Intercept) 

    

2.60 0.25 < 0.001 

Biomass 

    

 -0.03 0.13 0.815 

HabitatE 

    

0.34 0.23 0.144 

HabitatF 

    

 -0.12 0.24 0.632 

Open 

    

0.48 0.23 0.042 

ICHdw1 

    

0.93 0.33 0.005 
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ICHmw4 

    

0.32 0.24 0.179 

Biomass: HabitatE 

    

-0.32 0.19 0.086 

Biomass: HabitatF 

    

0.01 0.16 0.939 

HabitatE: Open 

    

-0.31 0.32 0.335 

HabitatF: Open 

    

-1.04 0.36 0.004 

Habitat*Unlogged forest age-class, 

Habitat*Group, Biogeoclimatic 

unit 

5.57 0.022 15.95 18 

   
(Intercept) 

    

2.69 0.36 < 0.001 

121-140 

    

-0.23 0.33 0.493 

141-250 

    

0.14 0.42 0.733 

HabitatE 

    

-0.25 0.34 0.456 

HabitatF 

    

-0.48 0.33 0.150 

Open 

    

0.41 0.23 0.077 

ICHdw1 

    

0.85 0.30 0.005 

ICHmw4 

    

0.43 0.24 0.081 

121-140: HabitatE 

    

0.95 0.38 0.013 

141-250: HabitatE 

    

0.52 0.44 0.233 

121-140: HabitatF 

    

0.91 0.41 0.025 

141-250: HabitatF 

    

0.04 0.45 0.934 

HabitatE: Open 

    

-0.18 0.32 0.560 

HabitatF: Open 

    

-1.14 0.35 0.001 
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Habitat*Unlogged forest age-class, 

Habitat*Group 

5.63 0.021 16.71 16 

   
(Intercept) 

    

3.29 0.35 < 0.001 

121-140 

    

-0.29 0.42 0.490 

141-250 

    

-0.17 0.49 0.721 

HabitatE 

    

-0.28 0.34 0.413 

HabitatF 

    

-0.47 0.33 0.147 

Open 

    

0.38 0.23 0.096 

121-140: HabitatE 

    

0.87 0.37 0.019 

141-250: HabitatE 

    

0.48 0.43 0.264 

121-140: HabitatF 

    

0.90 0.40 0.027 

141-250: HabitatF 

    

0.05 0.45 0.903 

HabitatE: Open 

    

-0.14 0.31 0.661 

HabitatF: Open 

    

-1.14 0.34 0.001 

Habitat*Biomass 6.30 0.015 23.40 10 

   
(Intercept) 

    

3.31 0.20 < 0.001 

Biomass 

    

0.05 0.14 0.717 

HabitatE 

    

0.17 0.17 0.320 

HabitatF 

    

-0.61 0.18 0.001 

Biomass: HabitatE 

    

-0.24 0.19 0.202 

Biomass: HabitatF 

    

0.11 0.16 0.515 

Habitat*Biomass, Biogeoclimatic 

unit 6.37 0.015 23.40 12 

   



157 
 

(Intercept) 

    

2.87 0.22 < 0.001 

Biomass 

    

-0.05 0.14 0.707 

HabitatE 

    

0.17 0.17 0.313 

HabitatF 

    

-0.60 0.18 0.001 

ICHdw1 

    

0.86 0.33 0.009 

ICHmw4 

    

0.32 0.24 0.183 

Biomass: HabitatE 

    

-0.30 0.19 0.124 

Biomass: HabitatF 

    

0.11 0.16 0.514 

Habitat*Unlogged forest age-

class, Habitat*Group, 

Temperature 

8.15 0.006 58.50 17  

  
(Intercept) 

    

3.32 0.38 < 0.001 

121-140 

    

-0.34 0.47 0.463 

141-250 

    

-0.20 0.51 0.690 

HabitatE 

    

-0.27 0.34 0.424 

HabitatF 

    

-0.46 0.33 0.163 

Open 

    

0.38 0.23 0.097 

Temperature 

    

-0.05 0.17 0.768 

121-140: HabitatE 

    

-0.87 0.37 0.020 

141-250: HabitatE 

    

-0.48 0.43 0.268 

121-140: HabitatF 

    

-0.90 0.40 0.027 

141-250: HabitatF 

    

0.05 0.45 0.905 

HabitatE: Open 

    

-0.13 0.31 0.671 
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HabitatF: Open 

    

-1.14 0.34 0.001 

Habitat*Unlogged forest age-

class, Biogeoclimatic unit 

8.85 0.004 87.75 15  

  
(Intercept) 

    

2.90 0.34 < 0.001 

121-140 

    

-0.29 0.34 0.393 

141-250 

    

0.28 0.43 0.513 

HabitatE 

    

-0.33 0.31 0.283 

HabitatF 

    

-0.89 0.32 0.005 

ICHdw1 

    

0.87 0.30 0.003 

ICHmw4 

    

0.43 0.25 0.084 

121-140: HabitatE 

    

0.99 0.40 0.014 

141-250: HabitatE 

    

0.43 0.46 0.347 

121-140: HabitatF 

    

0.71 0.42 0.088 

141-250: HabitatF 

    

-0.06 0.48 0.907 

Habitat*Unlogged forest age-

class 9.86 0.003 117.00 13 
 

  
(Intercept) 

    

3.50 0.33 < 0.001 

121-140 

    

-0.38 0.42 0.368 

141-250 

    

-0.09 0.49 0.849 

HabitatE 

    

-0.33 0.31 0.286 

HabitatF 

    

-0.88 0.31 0.005 

121-140: HabitatE 

    

0.90 0.40 0.022 

141-250: HabitatE 

    

0.40 0.46 0.386 
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121-140: HabitatF 

    

0.69 0.41 0.095 

141-250: HabitatF 

    

-0.03 0.47 0.956 

Habitat*Unlogged forest age-

class, Temperature 

12.31 0.001 351.00 14  

  
(Intercept) 

    

3.52 0.36 < 0.001 

121-140 

    

-0.41 0.47 0.382 

141-250 

    

-0.11 0.51 0.827 

HabitatE 

    

-0.32 0.31 0.296 

HabitatF 

    

-0.87 0.32 0.006 

Temperature 

    

-0.03 0.18 0.857 

121-140: HabitatE 

    

0.90 0.40 0.023 

141-250: HabitatE 

    

0.39 0.46 0.389 

121-140: HabitatF 

    

0.69 0.41 0.095 

141-250: HabitatF         -0.03 0.47 0.955 
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Table A.4. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), degree of freedom 

(df), and results of the candidate models describing mean foraging attempts per detector 

per hour, in the West Arm Demonstration Forest (WADF), British Columbia, Canada, 

2016-2017. Transects ID and Fraction of moon illuminated (FMI) were included as 

random effects in all models. See Table 3.2 for description of each variable. 

              n = 508 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat, Temperature 0.00 0.287 1.00 7       

(Intercept)     1.06 0.18 < 0.001 

HabitatE     0.28 0.14 0.049 

HabitatF     -1.18 0.16 < 0.001 

Temperature     0.18 0.08 0.030 

Habitat*Unlogged forest 

age-class, Temperature 

0.54 0.220 1.30 13 

   
(Intercept)     1.22 0.29 < 0.001 

121-140     -0.04 0.37 0.906 

141-250     -0.40 0.36 0.272 

HabitatE     -0.34 0.30 0.264 

HabitatF     -1.34 0.34 < 0.001 

Temperature     0.20 0.08 0.014 

121-140: HabitatE     0.96 0.38 0.012 

141-250: HabitatE     0.64 0.37 0.089 
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121-140: HabitatF     0.46 0.42 0.277 

141-250: HabitatF     -0.09 0.43 0.830 

Habitat*Group, 

Temperature 

1.44 0.140 2.05 10 

   
(Intercept)     0.96 0.21 < 0.001 

HabitatE     0.35 0.20 0.08 

HabitatF     -0.87 0.22 < 0.001 

Open     0.20 0.20 0.314 

Temperature     0.18 0.08 0.036 

HabitatE: Open     -0.13 0.28 0.633 

HabitatF: Open     -0.69 0.32 0.034 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Temperature 

1.77 0.118 2.43 16 

   
(Intercept)     1.11 0.31 < 0.001 

121-140     -0.03 0.37 0.929 

141-250     -0.42 0.36 0.239 

HabitatE     -0.27 0.34 0.426 

HabitatF     -1.03 0.37 0.005 

Open     0.21 0.20 0.285 

Temperature     0.20 0.08 0.016 

121-140: HabitatE     0.95 0.38 0.013 

141-250: HabitatE     0.64 0.37 0.083 
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121-140: HabitatF     0.49 0.42 0.253 

141-250: HabitatF     -0.07 0.43 0.873 

HabitatE: Open     -0.13 0.28 0.635 

HabitatF: Open     -0.71 0.32 0.028 

Habitat 2.62 0.077 3.73 6 

   
(Intercept)     1.03 0.19 < 0.001 

HabitatE     0.31 0.14 0.029 

HabitatF     -1.13 0.16 < 0.001 

Habitat*Group 3.72 0.045 6.38 9 

   
(Intercept)     0.92 0.21 < 0.001 

HabitatE     0.39 0.20 0.055 

HabitatF     -0.81 0.22 < 0.001 

Open     0.22 0.20 0.280 

HabitatE: Open     -0.15 0.28 0.601 

HabitatF: Open     -0.71 0.32 0.028 

Habitat*Unlogged forest 

age-class 

4.31 0.033 8.70 12 

   
(Intercept)     1.19 0.31 < 0.001 

121-140     -0.09 0.39 0.828 

141-250     -0.40 0.38 0.294 

HabitatE     -0.26 0.30 0.385 

HabitatF     -1.23 0.33 < 0.001 

121-140: HabitatE     0.92 0.38 0.017 
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141-250: HabitatE     0.57 0.37 0.129 

121-140: HabitatF     0.41 0.42 0.329 

141-250: HabitatF     -0.16 0.42 0.701 

Habitat, Biozone 4.85 0.025 11.48 8 

   
(Intercept)     0.73 0.30 0.015 

HabitatE     0.31 0.14 0.027 

HabitatF     -1.14 0.16 < 0.001 

ICHdw1     0.49 0.36 0.174 

ICHmw4     0.32 0.37 0.380 

Habitat*Unlogged forest 

age-class, Habitat*Group 

5.26 0.021 13.67 15 

   
(Intercept)     1.08 0.32 0.001 

121-140     -0.07 0.39 0.848 

141-250     -0.43 0.38 0.259 

HabitatE     -0.19 0.33 0.572 

HabitatF     -0.92 0.36 0.011 

Open     0.22 0.20 0.258 

121-140: HabitatE     0.91 0.38 0.017 

141-250: HabitatE     0.58 0.37 0.120 

121-140: HabitatF     0.44 0.42 0.299 

141-250: HabitatF     -0.14 0.42 0.748 

HabitatE: Open     -0.14 0.28 0.614 

HabitatF: Open     -0.73 0.32 0.024 
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Habitat*Group, 

Biogeoclimatic unit 

5.91 0.015 19.13 11 

   
(Intercept)     0.61 0.32 0.053 

HabitatE     0.39 0.20 0.053 

HabitatF     -0.81 0.22 < 0.001 

Open     0.22 0.20 0.276 

ICHdw1     0.50 0.36 0.164 

ICHmw4     0.32 0.37 0.393 

HabitatE: Open     -0.14 0.28 0.605 

HabitatF: Open     -0.72 0.32 0.027 

Habitat*Unlogged forest 

age-class, Biogeoclimatic 

unit 

6.56 0.011 26.09 14 

   
(Intercept)     0.89 0.38 0.019 

121-140     -0.09 0.39 0.824 

141-250     -0.39 0.38 0.309 

HabitatE     -0.28 0.30 0.360 

HabitatF     -1.24 0.33 < 0.001 

ICHdw1     0.48 0.35 0.172 

ICHmw4     0.33 0.35 0.343 

121-140: HabitatE     0.93 0.38 0.015 

141-250: HabitatE     0.59 0.37 0.112 

121-140: HabitatF     0.42 0.42 0.324 
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141-250: HabitatF     -0.15 0.42 0.729 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Biogeoclimatic unit 

7.47 0.007 41.00 17 

   
(Intercept) 

    

0.78 0.39 0.044 

121-140 

    

-0.08 0.39 0.843 

141-250 

    

-0.41 0.38 0.274 

HabitatE 

    

-0.21 0.33 0.538 

HabitatF 

    

-0.93 0.36 0.010 

Open 

    

0.22 0.20 0.254 

ICHdw1 

    

0.48 0.35 0.162 

ICHmw4 

    

0.32 0.35 0.351 

121-140: HabitatE 

    

0.93 0.38 0.015 

141-250: HabitatE 

    

0.61 0.37 0.103 

121-140: HabitatF 

    

0.44 0.42 0.294 

141-250: HabitatF 

    

-.012 0.42 0.778 

HabitatE: Open 

    

-0.14 0.28 0.620 

HabitatF: Open         -0.73 0.32 0.023 
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Table A.5. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), degree of freedom 

(df), and results of the candidate models describing the influence of vertical vegetation 

clutter on mean foraging attempts per detector per hour, in the West Arm Demonstration 

Forest (WADF), British Columbia, Canada, 2017. Transects ID and Fraction of moon 

illuminated (FMI) were included as random effects in all models. See Table 3.2 for 

description of each variable. 

              n = 336 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat*Group, Temperature 0.00 0.598 1.00 10       

(Intercept)     0.94 0.22 < 0.001 

HabitatE     -0.05 0.22 0.838 

HabitatF     -0.88 0.25 < 0.001 

Open     0.45 0.21 0.034 

Temperature     0.33 0.10 < 0.001 

HabitatE: Open     -0.03 0.30 0.918 

HabitatF: Open     -0.89 0.36 0.013 

Habitat*Unlogged forest age-

class, Habitat*Group, 

Temperature 

1.89 0.233 2.57 16 

   
(Intercept)     1.13 0.34 0.001 

121-140     -0.38 0.44 0.387 

141-250     -0.24 0.43 0.575 
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HabitatE     -0.68 0.35 0.050 

HabitatF     -1.14 0.38 0.003 

Open     0.45 0.21 0.031 

Temperature     0.33 0.10 0.001 

121-140: HabitatE     1.16 0.39 0.003 

141-250: HabitatE     0.53 0.38 0.167 

121-140: HabitatF     0.80 0.46 0.078 

141-250: HabitatF     -0.00 0.45 0.999 

HabitatE: Open     0.01 0.30 0.980 

HabitatF: Open     -0.92 0.35 0.009 

Habitat, Temperature 4.12 0.076 7.87 7 

   
(Intercept)     1.20 0.18 < 0.001 

HabitatE     -0.07 0.16 0.640 

HabitatF     -1.33 0.19 < 0.001 

Temperature     0.34 0.10 < 0.001 

Habitat*Clutter, 

Habitat*Group, Temperature 

4.89 0.052 11.50 13 

   
(Intercept)     0.89 0.41 0.030 

Clutter     0.00 0.01 0.895 

HabitatE     -0.07 0.44 0.873 

HabitatF     -1.15 0.51 0.024 

Open     0.45 0.21 0.036 

Temperature     0.34 0.10 0.001 
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Clutter: HabitatE     0.00 0.01 0.917 

Clutter: HabitatF     0.01 0.02 0.377 

HabitatE: Open     -0.03 0.30 0.923 

HabitatF: Open     -0.91 0.36 0.011 

Habitat*Unlogged forest age-

class Temperature 

7.18 0.016 37.38 13 

   
(Intercept)     1.37 0.32 < 0.001 

121-140     -0.37 0.43 0.393 

141-250     -0.19 0.42 0.651 

HabitatE     -0.65 0.31 0.037 

HabitatF     -1.55 0.36 < 0.001 

Temperature     0.34 0.10 < 0.001 

121-140: HabitatE     1.11 0.40 0.006 

141-250: HabitatE     0.47 0.39 0.226 

121-140: HabitatF     0.72 0.46 0.116 

141-250: HabitatF     -0.06 0.46 0.900 

Habitat*Group 8.82 0.007 85.43 9 

   
(Intercept)     0.84 0.23 < 0.001 

HabitatE     0.04 0.23 0.848 

HabitatF     -0.79 0.25 0.001 

Open     0.48 0.22 0.026 

HabitatE: Open      -0.05 0.31 0.867 

HabitatF: Open     -0.92 0.36 0.010 
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Habitat*Clutter, Temperature 8.99 0.007 85.43 10 

   
(Intercept)     1.17 0.40 0.003 

Clutter     0.00 0.01 0.941 

HabitatE     -0.10 0.42 0.808 

HabitatF     -1.62 0.49 0.001 

Temperature     0.34 0.10 0.001 

Clutter: HabitatE     0.00 0.01 0.914 

Clutter: HabitatF     0.01 0.02 0.368 

Habitat*Group, 

Biogeoclimatic unit 

10.06 0.004 149.50 11 

   
(Intercept)     0.40 0.34 0.238 

HabitatE     0.04 0.23 0.871 

HabitatF     -0.80 0.25 0.001 

Open     0.46 0.22 0.032 

ICHdw1     0.68 0.41 0.101 

ICHmw4     0.60 0.41 0.139 

HabitatE: Open     -0.03 0.31 0.913 

HabitatF: Open     -0.91 0.36 0.012 

Habitat*Unlogged forest age-

class, Habitat*Group 

10.94 0.003 199.33 15 

   
(Intercept)     1.03 0.37 0.005 

121-140     -0.34 0.47 0.461 

141-250     -0.25 0.46 0.581 
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HabitatE     -0.58 0.35 0.099 

HabitatF     -1.01 0.38 0.008 

Open     0.48 0.21 0.024 

121-140: HabitatE     1.14 0.40 0.004 

141-250: HabitatE     0.50 0.39 0.198 

121-140: HabitatF     0.74 0.46 0.109 

141-250: HabitatF     -0.07 0.46 0.878 

HabitatE: Open     -0.01 0.30 0.972 

HabitatF: Open     -0.94 0.36 0.008 

Habitat*Unlogged forest age-

class, Habitat*Group, 

Biogeoclimatic unit 

11.99 0.001 598.00 17 

   
(Intercept)     0.59 0.43 0.169 

121-140     -0.37 0.45 0.407 

141-250     -0.28 0.44 0.523 

HabitatE     -0.60 0.35 0.089 

HabitatF     -1.02 0.38 0.008 

Open     0.46 0.21 0.030 

ICHdw1     0.68 0.41 0.094 

ICHmw4     0.65 0.40 0.102 

121-140: HabitatE     1.17 0.40 0.003 

141-250: HabitatE     0.51 0.39 0.185 

121-140: HabitatF     0.75 0.46 0.105 
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141-250: HabitatF     -0.06 0.46 0.894 

HabitatE: Open     0.01 0.30 0.983 

HabitatF: Open     -0.93 0.36 0.010 

Habitat 13.57 0.001 598.00 6 

   
(Intercept)     1.12 0.19 < 0.001 

HabitatE     0.01 0.16 0.963 

HabitatF     -1.25 0.18 < 0.001 

Habitat*Clutter, 

Habitat*Group 

13.71 0.001 598.00 12 

   
(Intercept)     1.00 0.42 0.019 

Clutter     0.00 0.01 0.658 

HabitatE     -0.11 0.45 0.801 

HabitatF     -1.25 0.52 0.016 

Open     0.48 0.22 0.028 

Clutter: HabitatE     0.00 0.01 0.697 

Clutter: HabitatF     0.02 0.02 0.243 

HabitatE: Open     -0.05 0.31 0.874 

HabitatF: Open         -0.93 0.36 0.010 
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Table A.6. Models, difference in AICc value between the current model and the 

preferred model (ΔAICc), Akaike weight (wi), evidence ratio (w1/wi), degree of freedom 

(df), and results of the candidate models describing the influence of prey availability on 

mean foraging attempts per detector per hour, in the West Arm Demonstration Forest 

(WADF), British Columbia, Canada, 2016-2017. Transects ID and Fraction of moon 

illuminated (FMI) were included as random effects in all models. See Table 3.2 for 

description of each variable. 

              n = 136 

Models ΔAICc wi w1/wi df Estimate SE P value 

Habitat 0.00 0.531 1.00 6       

(Intercept)     1.31 0.26 < 0.001 

HabitatE     0.24 0.25 0.339 

HabitatF     -1.47 0.31 < 0.001 

Habitat, Temperature 2.18 0.178 2.98 7 

   
(Intercept)     1.32 0.26 < 0.001 

HabitatE     0.24 0.25 0.342 

HabitatF     -1.48 0.32 < 0.001 

Temperature     0.04 0.18 0.840 

Habitat*Group 3.68 0.084 6.32 9 

   
(Intercept)     1.09 0.32 0.001 

HabitatE     0.36 0.36 0.326 

HabitatF     -1.01 0.41 0.014 

Open     0.42 0.35 0.237 
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HabitatE: Open     -0.20 0.49 0.689 

HabitatF: Open     -1.01 0.62 0.105 

Habitat, Biogeoclimatic unit 4.13 0.067 7.93 8 

   
(Intercept)     1.22 0.36 0.001 

HabitatE     0.24 0.26 0.346 

HabitatF     -1.49 0.32 < 0.001 

ICHdw1     0.25 0.46 0.583 

ICHmw4     0.04 0.40 0.916 

Habitat*Unlogged forest 

age-class 

4.92 0.045 11.80 12 

   
(Intercept)     1.45 0.44 0.001 

121-140     -0.48 0.54 0.381 

141-250     0.33 0.60 0.589 

HabitatE     -0.05 0.48 0.921 

HabitatF     -1.49 0.56 0.007 

121-140: HabitatE     0.56 0.61 0.357 

141-250: HabitatE     0.19 0.68 0.777 

121-140: HabitatF     0.67 0.71 0.343 

141-250: HabitatF     -1.75 1.01 0.084 

Habitat*Group, Temperature 6.01 0.026 20.42 10 

   
(Intercept)     1.09 0.32 0.001 

HabitatE     0.36 0.36 0.326 

HabitatF     -1.01 0.42 0.016 
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Open     0.41 0.35 0.239 

Temperature     0.01 0.18 0.953 

HabitatE: Open     -0.20 0.49 0.688 

HabitatF: Open     -1.01 0.62 0.106 

Habitat*Biomass 6.17 0.024 22.13 9 

   
(Intercept)     1.31 0.26 < 0.001 

Biomass     0.00 0.19 0.999 

HabitatE     0.24 0.26 0.354 

HabitatF     -1.48 0.31 < 0.001 

Biomass: HabitatE     -0.09 0.29 0.756 

Biomass: HabitatF     0.17 0.29 0.562 

Habitat*Unlogged forest 

age-class Temperature 

7.37 0.013 40.85 13 

   
(Intercept)     1.45 0.45 0.001 

121-140     -0.48 0.59 0.414 

141-250     0.32 0.62 0.601 

HabitatE     -0.05 0.49 0.922 

HabitatF     -1.49 0.56 0.008 

Temperature     0.00 0.21 0.986 

121-140: HabitatE     0.56 0.61 0.360 

141-250: HabitatE     0.19 0.68 0.779 

121-140: HabitatF     0.67 0.71 0.343 

141-250: HabitatF     -1.75 1.01 0.084 
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Habitat*Group, 

Biogeoclimatic unit 

8.05 0.010 53.10 11 

   
(Intercept)     0.98 0.41 0.016 

HabitatE     0.36 0.36 0.325 

HabitatF     -1.02 0.41 0.013 

Open     0.42 0.35 0.234 

ICHdw1     0.25 0.46 0.584 

ICHmw4     0.06 0.40 0.890 

HabitatE: Open     -0.20 0.50 0.682 

HabitatF: Open     -1.01 0.62 0.106 

Habitat*Unlogged forest 

age-class, Biogeoclimatic 

unit 

8.98 0.006 88.50 14 

   
(Intercept)     1.16 0.58 0.047 

121-140     -0.41 0.55 0.455 

141-250     0.55 0.65 0.395 

HabitatE     -0.05 0.49 0.910 

HabitatF     -1.53 0.56 0.007 

ICHdw1     0.49 0.53 0.359 

ICHmw4     0.18 0.43 0.671 

121-140: HabitatE     0.58 0.61 0.343 

141-250: HabitatE     0.22 0.69 0.749 

121-140: HabitatF     0.70 0.71 0.329 
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141-250: HabitatF     -1.71 1.02 0.092 

Habitat*Unlogged forest 

age-class, Habitat*Group 

9.34 0.005 106.20 15 

   
(Intercept)     1.23 0.48 0.011 

121-140     -0.40 0.54 0.459 

141-250     0.32 0.60 0.592 

HabitatE     0.01 0.56 0.990 

HabitatF     -1.08 0.61 0.075 

Open     0.33 0.34 0.331 

121-140: HabitatE     0.54 0.60 0.370 

141-250: HabitatE     0.23 0.67 0.731 

121-140: HabitatF     0.74 0.72 0.302 

141-250: HabitatF     -1.70 1.01 0.093 

HabitatE: Open     -0.10 0.48 0.830 

HabitatF: Open     -1.02 0.63 0.108 

Habitat*Biomass, 

Habitat*Group 

10.13 0.003 177.00 12 

   
(Intercept)     1.08 0.32 0.001 

Biomass     0.02 0.19 0.923 

HabitatE     0.34 0.37 0.348 

HabitatF     -1.02 0.41 0.013 

Open     0.42 0.35 0.232 

Biomass: HabitatE     -0.09 0.29 0.766 
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Biomass: Habitatf     0.18 0.29 0.528 

HabitatE: Open     -0.19 0.50 0.701 

HabitatF: Open     -1.01 0.62 0.106 

Habitat*Biomass, 

Biogeoclimatic unit 

10.33 0.003 177.00 11 

   
(Intercept)     1.19 0.37 0.001 

Biomass     -0.08 0.22 0.717 

HabitatE     0.21 0.26 0.426 

HabitatF     -1.50 0.32 < 0.001 

ICHdw1     0.39 0.57 0.488 

ICHmw4     0.03 0.40 0.936 

Biomass: HabitatE     -0.15 0.31 0.630 

Biomass: HabitatF     0.15 0.30 0.608 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Temperature 

11.9 0.001 531.00 16 

   
(Intercept)     1.24 0.49 0.012 

121-140     -0.42 0.58 0.476 

141-250     0.31 0.61 0.613 

HabitatE     0.01 0.56 0.984 

HabitatF     -1.07 0.61 0.081 

Open     0.33 0.34 0.330 

Temperature     -0.02 0.20 0.942 
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121-140: HabitatE     0.54 0.60 0.375 

141-250: HabitatE     0.23 0.67 0.734 

121-140: HabitatF     0.74 0.72 0.303 

141-250: HabitatF     -1.70 1.01 0.092 

HabitatE: Open     -0.10 0.48 0.830 

HabitatF: Open     -1.02 0.63 0.108 

Habitat*Unlogged forest 

age-class, Habitat*Group, 

Biogeoclimatic unit 

13.62 0.001 531.00 17 

   
(Intercept)     0.92 0.61 0.134 

121-140     -0.33 0.55 0.552 

141-250     0.56 0.65 0.389 

HabitatE     -0.01 0.56 0.991 

HabitatF     -1.11 0.61 0.072 

Open     0.33 0.35 0.337 

ICHdw1     0.50 0.53 0.346 

ICHmw4     0.22 0.43 0.612 

121-140: HabitatE     0.56 0.61 0.358 

141-250: HabitatE     0.26 0.68 0.698 

121-140: HabitatF     0.76 0.72 0.291 

141-250: HabitatF     -1.67 1.02 0.101 

HabitatE: Open     -0.10 0.49 0.852 

HabitatF: Open         -1.02 0.64 0.108 
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