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Abstract 

The spruce budworm (Choristoneura fumiferana, hereafter “SBW”) is a common prey item 

for insectivorous songbirds. Due to their cyclic nature, SBW outbreaks can severely defoliate 

frequently harvested tree species. Therefore, lepidoptera-specific insecticides like Bacillus 

thuringiensis var. kurstaki (Btk) are used to suppress their populations and associated impact. 

I examined the indirect effects of Btk on the diet of two species of wood-warblers that 

specialize in foraging on SBW: the bay-breasted warbler (Setophaga castanea) and Cape 

May warbler (Setophaga tigrine). Using stable isotope analysis of warbler feces in control 

and Btk sites pre- and post-insecticide application, I found no significant difference in the 

proportion of Lepidoptera in the diets of SBW specialists between treatments. Both species 

showed a consistent consumption in Btk sites post-application, with Hemiptera being the 

main dietary component across treatments and sampling periods. Individuals in Btk sites may 

need to increase foraging activity/effort to maintain Lepidoptera consumption. 
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Chapter 1: General Introduction 

 Diet has a considerable impact on a songbird’s ability to survive and/or 

successfully reproduce (Hutto, 1990; Nagy & Smith, 1997). Generally, diet is determined 

by a combination of environmental factors such as food availability, and dietary habits 

attributed to specialist or generalist behaviors (Elmhagen et al., 2000). Dietary generalists 

exhibit greater dietary flexibility than specialists; generalists can consume a wider variety 

of prey because they are less dependent on the availability of a particular prey source. 

Prey switching is a common mechanism/behavior generalists use to compensate for a 

decrease in preferred prey allowing them to adapt to multiple dietary niches and habitats 

(Murdoch, 1969; Abrams & Matsuda, 2003; Almeida et al., 2012). Therefore, prey 

switching enables generalists to cope with environmental changes more efficiently by 

adopting different foraging strategies, which proves particularly advantageous in systems 

where prey populations are cyclic (Elliot et al., 2008). Conversely, specialist species 

show limited dietary breadth by consuming few prey sources and are less able to prey 

switch (Recher, 1990). Specialists are, therefore, more vulnerable to rapid changes in 

their environment; they respond to a localized decrease in their prey by either vacating an 

area or increasing search effort to acquire that prey (Hunter & Witham, 1985; Cooper et 

al., 1990). Increasing search effort or vacating territory may incur energetic costs for 

specialists which can result in lowered fat reserves and/or behavioral changes causing 

significant implications for clutch size, reproductive success, and adult survival (Hunter 

& Witham, 1985; Rodenhouse & Holmes, 1992; Burgess et al., 1995). 

 Insectivorous birds, including my study species of so-called “wood-warblers”, are 

known to increase consumption of Lepidoptera larvae as a fraction of the diet when 
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breeding to meet the high energetic demands of reproduction (Robinson & Holmes, 

1982). Reduced availability of preferred larval lepidopteran prey has thus been shown to 

greatly affect the breeding success of individuals (Pascual & Peris, 1992). An 

individual’s ability to prey switch is an important response some species may use to 

compensate for the natural decrease of a major dietary component (Murdoch, 1969; 

Sample et al., 1993). However, prey switching is less profitable if individuals switch to 

prey of poorer quality that requires greater effort to catch or digest (Whitmore et al., 

1993). 

 By examining diet composition, we can detect behavioral responses to changes in 

prey availability such as prey switching. Some older studies on diet composition in birds 

used sampling methods that were relatively invasive, including the use of ligatures 

(Johnson et al., 1980) and forced regurgitation (Prys-Jones et al., 1974) to directly 

examine stomach contents (McAtee, 1912). In addition to being invasive, these methods 

were also inherently biased towards hard-bodied prey. Modern lab-based approaches, like 

stable isotope analysis (SIA), have enabled us to detect different prey sources within an 

individual’s diet (including soft-bodied prey items) using non-invasive techniques like 

fecal collection (Salvarina et al., 2013; Wieczorek et al., 2018). The main tradeoff 

associated with using SIA lies in its limitations to accurately identify different prey 

sources that are isotopically similar (Layman et al. 2012). When used appropriately, these 

tools allow us to identify prey switching and effectively capture changes in behavior 

related to prey availability. For wood-warblers, this proves particularly useful for those 

that capitalize on cyclic prey sources such as the eastern spruce budworm, 

(Choristoneura fumiferana (Clemens), Lepidoptera: Tortricidae; hereafter “SBW”). 
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 The SBW is a defoliating insect in the order Lepidoptera that is a native to North 

America. SBW larvae feed primarily on the current-year needles of balsam fir (Abies 

balsamea Linnaeus) followed by white (Picea glauca (Moench) Voss), red (P. rubens 

Sarg.), and black spruce (P. mariana (Mill.) BSP) (Hennigar et al., 2008). Natural 

disturbances, such as SBW outbreaks, are a key ecological process in spruce-fir forests; 

however, outbreaks often lead to large-scale defoliation. Defoliation ensues once SBW 

larvae reach their third instar (L3); however, the final and largest larval stage (L6) 

accounts for ~80% of the defoliation that occurs (Miller, 1977). The direct effects of 

cumulative defoliation include reduced growth rates in host species and extensive tree 

mortality (MacLean, 1980). Although the underlying mechanisms of SBW population 

dynamics are not fully understood, it is generally agreed upon that population collapses 

can be attributed to predation from natural enemies (primarily parasitoids), resource 

availability, weather, and moth immigration (to a lesser extent) (Pureswaran et al., 2016.). 

SBW outbreaks appear to be a predictable cyclic population trend that slowly oscillates 

on both a local and landscape scale, occurring on average every 30-40 years (Blais, 1983; 

Kettela, 1983).  

 The positive response and recruitment of wood-warblers to SBW outbreaks is 

well documented; however, past research has largely focused on the nature of numerical 

responses (Morris et al., 1958; Venier et al., 2009). SBW outbreaks can generate strong 

and immediate local-scale effects on forest bird communities by increasing food 

availability (Mitchell, 1952; Dowden et al., 1953; Crawford & Jennings, 1989; Venier & 

Holmes, 2010) and can cause an increase in bird density up to as much as 5-fold within 

the timescale of an outbreak (Morris et al., 1958; Morse, 1978; Venier et al., 2009). The 
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functional responses of wood-warblers to outbreaks of SBW have not been examined as 

thoroughly but are known to be consistent among three ecologically similar species, the 

bay-breasted warbler (Setophaga castanea Wilson), Cape May warbler (S. tigrine 

Gmelin), and Tennessee warbler (Leiothlypis peregrina Wilson) (hereafter referred to 

collectively as “SBW-linked warblers”). At peak outbreak levels, SBW larvae comprise 

>50% of the diet of breeding SBW-linked warblers (Mitchell, 1952; Robinson & Holmes, 

1982; McMartin et al., 2002). Moreover, existing evidence suggests that SBW-linked 

warblers will also actively forage for SBW larvae during endemic periods and are a 

significant ecological mechanism involved in regulating SBW populations as they 

increase (Royama, 1984; Vaidya & Wu, 2008). 

 During the 20th century, there were three outbreaks documented in eastern North 

America collectively causing ~94 million hectares of damage (Kettela, 1983). In the 21st 

century, the most recent outbreak originated in Quebec (QC) in 2006 and had defoliated 

over 9.1 million ha of the province as of 2022 (Ministère des Forêts, 2022). Expansion of 

this outbreak to New Brunswick (NB) was confirmed once noticeable defoliation was 

detected in northern NB in 2015 (Rahimzadeh-Bajgiran et al., 2018). Because New 

Brunswick has a forestry-dependent economy, the impending SBW outbreak raised 

concerns regarding future potential reductions in harvestable timber. An uncontrolled 

SBW outbreak could cost the province of New Brunswick’s economy $3.3 -$4.7 billion 

in losses over a 30-year period (Chang et al., 2012). Therefore, a proactive approach has 

been implemented to reduce the magnitude of an outbreak that works synergistically with 

natural mortality factors to reduce SBW populations below the irruption threshold (seven 
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second-instar larvae per 75 cm branch tip) (i.e., the so-called Early Intervention Strategy 

(EIS), Johns et al., 2019). 

The Early Intervention Strategy  

 The EIS is a program for pest management that has been ongoing in New 

Brunswick since 2014 (Johns et al., 2019; MacLean et al., 2019). The EIS program 

focuses primarily on preventing local-scale outbreaks of SBW from expanding into other 

areas by detecting and containing rising populations (i.e., ‘hotpsots’) along the outbreak’s 

leading edge. This approach is inspired by a successful national management program 

designed to contain invasive insect species such as gypsy moth (Lymantria dispar) 

(Sharov et al., 2002). The EIS detects and monitors SBW hotspots by sampling annually 

for overwintering L2 (second-instar larvae) densities in the fall and winter. Hotspots are 

defined based on sampled L2 densities because L2 densities are a useful measure to 

predict the population density of defoliating L4-L6 that will emerge the following 

summer. Additionally, secondary measures such as pheromone traps (for male moths), 

defoliation assessments via aerial surveys, and spring branch sampling are used to 

supplement monitoring. Areas that demonstrate severe defoliation or high moth 

infestations require additional L2 sampling to better define treatment area boundaries 

(Johns et al., 2019). The EIS regimen is centered around the operational insecticide 

application of forest blocks to manage SBW densities in priority areas. Aerial 

applications of varying concentrations of Lepidoptera specific insecticides such as 

Bacillus thuringiensis var. kurstaki (Btk) or tebufenozide are then applied to those areas 

periodically throughout June and July. Both Btk and tebufenozide appear to have 
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minimal direct effects on non-target organisms (Durkin & Klotzbach, 2004; Glaus et al., 

2023), although our knowledge of indirect effects is much sparser.  

 The EIS has been effective in reducing SBW populations throughout northern 

New Brunswick since its implementation. Maclean et al. (2019) reported that SBW 

populations decreased >90% in hotspots targeted by the EIS. Correspondingly, the 

required total treatment area has decreased significantly (70-95%) over the last several 

years in comparison to the 220,000 hectares treated in 2018 (Healthy Forest Partnership, 

2022). To continue to maintain SBW populations below the irruption threshold, the EIS 

must further explore the value of integrating methods that enhance additive mortality 

from natural enemies such as parasitoids and/or predators such as birds (Johns et al., 

2019). Parasitoids are a significant source of mortality for SBW and are a major source of 

natural SBW control (Eveleigh et al., 2007). Therefore, the EIS is actively studying 

whether treatments adversely affect parasitoid populations. However, no current 

component of the EIS has yet assessed how avian populations are responding to 

insecticide treatments that reduce prey availability.  

Bacillus thuringiensis var. kurstaki (Btk) 

 Tebufenozide and Btk are comparably efficient in reducing larval lepidopteran 

abundance (Régnière et al., 2019) although Btk is more broadly available for use. Btk is 

an insecticide that is highly selective for the order Lepidoptera, and it can reduce 

populations of lepidopteran larvae by ~95% (Boulton et al., 2002; Bauce et al., 2009). 

Btk is derived from a naturally occurring bacterium that can be found in soil, and it is not 

considered to be directly toxic to vertebrates (Raimondo et al., 2003, Durkin & 

Klotzbach, 2004). This insecticide is applied aerially onto the foliage in target areas 
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established by the EIS so that feeding SBW larvae will ingest it directly. Btk produces a 

crystalline protein during the spore-forming stage of this bacterium. Once ingested by 

larvae, the crystal protein dissolves in the alkaline gut of the insect where these proteins 

are then converted into toxic molecules that deteriorates the gut wall, resulting in 

starvation leading to the death of the insect (Strazanac et al., 2005). Btk will begin to 

break down after 2-7 days in the environment, therefore, several applications are often 

required to manage emerging larvae in the spring (Sopuck et al., 2002). These large-scale 

applications of Btk take place in early June once SBW larvae reach their 4th-5th instar, to 

reduce the magnitude of defoliation that occurs throughout the final larval stage (L6) 

(Miller, 1977; Van Frankenhuyzen & Régnière, 2017; Maclean et al., 2019). This 

application coincides with the breeding period for most birds in the region, when the 

effects of reducing prey availability would be most adverse (Burgess et al., 1995). 

Therefore, concerns remain regarding how applications of Btk might indirectly affect 

insectivorous birds residing in treatment areas (Holmes, 1998). Btk treatment areas can, 

therefore, provide an ideal system to research if avian predators of SBW respond to direct 

reductions of larvae by prey switching. I therefore took advantage of this “natural” 

experiment to determine if SBW-linked warblers can changeover their diet should they 

continue to occupy Btk areas after treatment. 

Research Objective and Predictions  

 In this thesis, I examine whether SBW-linked warblers exhibit a prey switch when 

abundance of a primary prey item, SBW larvae, is reduced by insecticide treatment. To 

do this, I collected fecal samples from SBW-linked warblers in Btk treatment and control 

sites in 2020 and 2021 for stable isotope analyses. Using a Bayesian stable isotope 
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mixing model, I examined the relative diet contribution of different prey sources 

(arthropod taxa) pre- and post-spray in Btk treatment and control sites. The hypothesis 

that SBW-linked warbler diet composition is related to prey availability yields the 

following predictions that I test in Chapter 2: 

1) If Btk reduces SBW larval abundance and SBW-linked warblers switch their diet 

as a result, then this should be evidenced by a different dietary complement before 

and after insecticide treatment in treated areas. 

2) SBW-linked warblers in non-treated areas will not show a different dietary 

complement before and after treatment. 

To date, there has been scant quantification of the diets of breeding SBW-linked warblers 

outside of outbreak periods of SBW. Because SBW densities have not yet reached 

epidemic levels in NB it provides the ideal opportunity to explore the dietary habits of 

SBW-linked warblers during low densities of SBW. The results of this study will thus 

provide further insight on an aspect of SBW-linked warblers life cycle that remains 

relatively unexplored. In addition, this study will fill a gap in our understanding of Btk’s 

indirect effects on birds. Moreover, since diet (energy procurement) is a foundation of all 

fitness-enhancing behaviors, the results of this study will better position us to predict 

responses of SBW-linked warbler populations to future environmental perturbations. 
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Chapter 2: Cape May and Bay-breasted Warblers dietary response to reduced 

prey availability 

Abstract 

The spruce budworm (Choristoneura fumiferana, hereafter “SBW”) is a key prey source 

for wood-warblers during the breeding season. However, due to SBWs cyclic population 

trends, which result in severe defoliation, lepidoptera-specific insecticides such as 

Bacillus thuringiensis var. kurstaki (Btk) are used to reduce their population density. I 

examined the indirect effects of Btk on the dietary habits of two species of wood-

warblers that forage on SBW: bay-breasted warbler (Setophaga castanea) and Cape May 

warbler (S. tigrine). I hypothesized that both species would display a prey switch to 

compensate for the reduced prey availability resulting from Btk applications. I 

investigated dietary changes by analyzing isotopic signatures of δ13C and δ15N in fecal 

samples collected from individuals captured during the 2020 and 2021 breeding seasons 

in Btk and control sites. Statistical analysis indicated that the true median value of 

Lepidoptera being consumed was similar among treatments and periods of sample 

collection.  In Btk sites and control sites the proportional contribution of Lepidoptera in 

the diets of Cape May and bay-breasted warblers did not differ significantly before and 

after insecticide application. My study suggests that Btk does not substantially change 

SBW-linked warbler diet, at least when treatment occurs at low (pre-outbreak) SBW 

densities. However, the lack of difference in diet between treatments and controls may be 

a function of increased search behaviour to maintain Lepidoptera consumption in treated 

sites, although that behaviour was not examined in this study. Therefore, further research 

should investigate the extent to which Btk affects overall fitness, reproductive success, 

and potential movement between treated and untreated areas to acquire prey. 
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Introduction  

When breeding, many insectivorous songbird species, especially wood-warblers, are 

recognized as “caterpillar specialists” due to the large quantity of lepidopteran larvae they 

consume (Busby & Sealy, 1979; Crawford & Jennings, 1989). Lepidoptera larvae are 

lipid rich, nutritionally valuable for nestling growth, and thus a beneficial food source for 

insectivorous songbirds while breeding (Redford & Dorea, 1984; Bell, 1990). Previous 

studies examining the implications of reduced Lepidoptera larvae (55-90%) availability 

have shown adverse effects in terms of body condition, breeding behavior, and 

reproductive success (Rodenhouse & Holmes, 1992; Whitmore et al., 1993; Hunter & 

Whitam, 1985). The impacts of reduced availability of larval lepidopterans on birds vary 

by species, their reliance on that specific prey source, and whether their dietary strategy is 

more generalist or specialist.  

 The eastern spruce budworm (Choristoneura fumiferana (Clemens), 

Lepidoptera: Tortricidae; hereafter “SBW”).is native to throughout the Boreal Forest of 

North America. Their populations are characterized by cyclic irruption-collapse dynamics 

leading to mass outbreaks every 30-40 years (Pureswaran et al. 2016). Many 

insectivorous songbirds capitalize on the high density of SBW larvae during outbreaks, 

although some species show a greater response than others. For the bay-breasted 

(Setophaga castanea Wilson) and Cape May warbler (S. tigrine Gmelin), (hereafter 

“SBW-linked warblers”) SBW larvae can play a crucial role in their diet throughout the 

breeding season (McMartin et al., 2002). These warblers are considered opportunistic 

specialists and prominent predators of SBW larvae because they strategically recruit to 

areas with significant densities of SBW (a numerical response) and exhibit, to varying 
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degrees, a type III functional response following SBW outbreaks (Crawford & Jennings, 

1989). The role of natural SBW enemies like SBW-linked warblers in the irruption-

collapse dynamics of SBW populations is not entirely understood. However, it is evident 

that at endemic levels of SBW, SBW-linked warblers may assist in maintaining low 

populations of SBW (Morris et al., 1958; Crawford & Jennings, 1983). Consequently, 

SBW-linked warblers are important to long-term management of SBW populations and 

could be valuable for proactive management strategies.  

 In New Brunswick (NB, Canada), a proactive, area-wide Early Intervention 

Strategy (EIS) program was implemented to suppress rising SBW population growth and 

spread. High priority sites were identified annually through intensive monitoring of 

overwintering L2 (second-instar larvae) populations. Areas meeting the threshold of 7 

L2/branch were then suppressed with biological insecticide treatments to enhance 

additive mortality in those locations (Johns et al., 2019; MacLean et al., 2019). These 

treatments were designed to suppress local hotspots, thus reducing local rise and further 

spread of SBW to surrounding areas. Btk (Bacillus thuringiensis var. kurstaki) is a 

biological insecticide commonly used by the EIS because it is specific to foliage-feeding 

Lepidoptera like SBW and is not known to have adverse effects on non-lepidopteran 

species (Strazanac & Butler, 2005). However, among the foliage-feeding Lepidoptera, 

Btk is non-selective and usually fatal to ca. 200 species of butterflies and moths (Otvos & 

Vanderveen, 1993). As such, it is important to search further for possible indirect effects 

that Btk may have on non-target species and, if found, to minimize those adverse 

impacts. Although it is likely Btk application will reduce warbler prey availability to 
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some extent, minimal research has been done to examine the effects of Btk applications 

on diets in SBW-linked warblers.  

 Methods used to investigate changes in forest birds’ diets include video 

recordings and potentially invasive specimen collection (Sample et al., 1993; Awkerman 

et al., 2011). These methods frequently fail to detect inconspicuous or rapidly digested 

prey which can produce an inaccurate estimation of prey composition. (Rosenberg & 

Cooper, 1990). In contrast, more recent advances in avian diet analysis have shifted to 

methods that are less intrusive including stable isotope analysis (SIA). Isotopes of an 

element have varying atomic mass because they have the same number of protons but a 

different number of neutrons. A stable isotope refers to a non-radioactive form of an atom 

meaning that it does not decay over time. Lighter molecules (common) containing lighter 

stable isotopes are more reactive than their heavier (rare) counterparts (Fry, 2006). The 

relative abundance or “isotopic ratio” of rare to common isotopes can then be used to 

make inferences about the movement of elements such as nitrogen (15N/14N; δ15N) or 

carbon (13C/12C; δ13C) through a particular ecosystem (Peterson & Fry, 1987). Due to 

their comparatively low abundance in nature, stable isotope ratios are expressed in delta 

(δ) notation, in parts per thousand (‰) relative to standardised reference material. 

 δX = [(Rsample/Rstandard) - 1] x 1000 

     Where R= Heavy X / Light X 

 Because of the information they provide on source energy and trophic position, 

two common stable isotopes used for avian diet analysis are δ13C, and δ15N (Hoenig et 

al., 2022). In terrestrial ecosystems, stable δ13C isotopes enable us to evaluate the source 

of carbon in an organism’s diet because the isotopic signature differs among C3 and C4 
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plants due to their distinctive photosynthetic pathways (Peterson & Fry, 1987). 

Conversely, the stable isotope δ15N can be used as a biomarker to infer the trophic 

position of individuals. As trophic position increases so does the enrichment of 15N in the 

consumer’s tissues, meaning organisms at higher trophic levels will exhibit greater δ15N 

values than those at lower trophic levels (DeNiro & Epstein, 1981). When analyzing 

stable isotopes, it is important to incorporate the appropriate trophic discrimination 

factors (TDFs) or changes in isotopic ratio between the consumer and its prey caused by 

isotopic fractionation. Thus, TDFs are determined by a variety of factors such as body 

size, age, species, and the types of tissues being analyzed. TDFs account for the 

differences between prey source tissues and consumer tissues therefore, accurate 

estimations of TDFs are essential for reliable interpretation of avian diet analysis when 

using stable isotopes (Caut et al., 2009). 

 Stable isotope ratios remain consistent within a specific spatial and temporal 

context at the base of food chains through primary production and thus travel from prey 

to consumer (Wada et al., 1991). Insectivorous songbirds, like other animals, assimilate 

isotopic information on diet (prey) in metabolically active tissues. However, the turn-over 

period for an isotopic signature depends on the metabolic rate of each individual tissue 

(Hobson & Bairlein, 2003; Mazerolle & Hobson, 2005). This means the timescale of 

isotopic information differs for each tissue type; for example, inert tissues such as 

feathers can reflect isotopic signatures (diet) from the area in which they were initially 

grown, whereas SIA using breath or plasma will represent diet over days or weeks (Hatch 

et al., 2002; Pearson et al., 2003). Fecal samples are mainly comprised of non-assimilated 

prey due to their short turn-over rate (~2hrs) but can also be used to infer assimilated 
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macronutrients (Afik & Karasov, 1995; Kuwae et al., 2022). Although not as frequently 

used in SIA, fecal samples offer the advantage of being easily obtained over an extended 

period. This facilitates monitoring of short-term dietary changes and greater insights into 

the feeding ecology of individuals and populations. By appropriately analyzing δ13C and 

δ15N ratios of the consumer tissue(s) and the isotopic composition of potential prey 

sources, we can estimate proportional diet contributions of various prey sources using a 

mixing model in MixSIAR (Stock & Semmens, 2016). Mixing models have the 

capability to estimate diet based on the similarity of consumer and prey isotopes  TDF. 

The application of this approach is significant as it can be used to better comprehend 

habitat use, niche breadth, and dietary shifts over time.  

 The EIS framework offers a unique opportunity to investigate the indirect effects 

of Btk applications on the diet of SBW-linked warblers. Because certain areas with SBW 

populations are left untreated if they do not exceed the standardized L2 threshold, such 

areas can serve as ‘untreated’ experimental control sites hosting low densities of SBW 

larvae. Thus, we can examine potential dietary effects (i.e., prey switching) caused by 

Btk applications on SBW-linked warblers through comparison of diet composition in 

untreated (control) and treated (Btk application) sites at endemic/transitional levels of 

SBW. However, it is important to acknowledge that untreated sites are expected to 

naturally contain lower densities of SBW than treatment sites. My objective was to 

reconstruct and analyze the diets of SBW-linked warblers in treated and untreated sites 

before and after Btk applications. I aimed to evaluate whether SBW-linked warblers 

exhibit a prey switch post spray in treated areas and not in untreated areas. To test this 

hypothesis, I collected fecal samples for stable isotope analysis of δ13C and δ15N. Using a 



 

 
23 

Bayesian approach, I investigated the relative proportions of different prey sources in the 

diets of SBW-linked warblers, with particular emphasis on observing evidence of prey 

switching in treated areas.  

Methods  

 Study Area and Experimental Design 

My study was conducted during the 2020 and 2021 breeding season (May-July) in north-

central New Brunswick (Canada). I selected a total of eight treatment and eight control 

sites that were situated throughout three counties: Restigouche (47.7680° N, 66.6893° 

W), Gloucester (47.9290° N, 64.4317° W), and Northumberland (46.9296° N, 65.8859° 

W) (Figure 0-1). All sites were selected to have a similar composition predominantly 

containing balsam fir (Abies balsamea Linnaeus) and Picea spp. I used scheduled EIS 

(Btk 1.5L/ha) treatment blocks, ranging in size from approximately 650 to 12,000 

hectares as suitable treatment sites for monitoring diet changes pre- and post-spray. 

Control sites were selected based on prior year larval (L2) densities containing low/trace 

SBW populations provided by the Canadian Forest Service and were established on the 

exterior of treatment blocks by > 150m to mitigate the effects of spray drift (Cooper et 

al., 1990; Sample et al., 1993). Sampling sites within control and Btk blocks were located 

>1ha away from the block’s boundary based on estimated territory size for SBW-linked 

warblers to mitigate potential overlap of individuals between control and Btk sites 

(Crawford & Jennings, 1989). This set-up allowed me to approach this study with a 

Before-After-Control-Impact (BACI) sampling design to maximize the detection of 

indirect effects of Btk applications by controlling for spatial and temporal variation.  
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 Fecal Collection 

To increase the likelihood of capturing my focal species (bay-breasted and Cape May 

warblers) I used targeted mist-netting techniques to capture songbirds from 6 June – 10 

July 2020 and 24 May- 7 July 2021. I used 32-mm mesh 4-shelf mist-nets in conjunction 

with auditory playback calls of conspecific males (Cornell University Merlin App) and 

multispecies mobbing to enhance the capture success of targeted individuals. The 

multispecies mobbing call contained vocalizations of several species including black-

capped chickadees (Poecile atricapillus Linnaeus), red-breasted nuthatches (Sitta 

canadensis L.), downy woodpeckers (Picoides pubescens L.), and golden-crowned 

kinglets (Regulus satrapa Lichtenstein). Auditory playback calls were deployed using 

two Bluetooth speakers (Wonderboom 3 waterproof speaker) adjacent to each mist net at 

maximum volume (~87 dB) to entice target individuals. The multispecies mob call was 

played to attract attention to the area where mist nets were deployed. If target individuals 

responded to the initial mob call, then conspecific vocalizations were played to lure those 

individuals into the mist net. Playback alternated between the two types of calls (mob vs 

conspecific) depending on the presence/absence of SBW-linked warblers and were 

played for approximately 10 minutes at a time with a 20–30-minute interval in between.   

 Typically, I operated 2-3 nets beginning at sunrise and concluded approximately 

5- 6 hours after sunrise, once bird activity naturally subsided. Mist nets were routinely 

placed along the road edge of unkempt ATV trails or open wooded areas and were placed 

in the same locations during each sampling period. Birds were extracted immediately 

upon net entry and then banded with a uniquely numbered aluminum leg-band (issued by 

the Canadian Wildlife Service) using proper handling techniques in accordance with 

Federal Banding Permit No. 10801 and UNB Animal Care Committee approved 
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protocols (#20032 and #21037). Nets were deployed and operated at each site at least 

once throughout the pre- and post-spray periods to ensure adequate comparison.  

 Prior to releasing captured birds, I collected fecal samples for stable isotope 

analysis from SBW-linked warblers using a fecal sampling apparatus derived from Ruhl 

et al. (2016) (Appendix A). Birds were held in the apparatus for 10 minutes or until a 

fecal sample was produced, whichever came first, and were released. I then transferred 

the fecal sample from the apparatus using 1mL plastic pipettes into 1.5mL 

microcentrifuge tubes to be frozen until the sample could be processed. To avoid cross-

contamination among samples, I washed the wire mesh on the apparatus and catch bag 

with alcohol (99% isopropyl) between uses.  

Prey Availability 

Concurrent with fecal collection during the 2021 field season, I sampled arthropod prey 

availability. I used a combination of blue and yellow vane traps, and yellow pan traps (23 

cm diameter plastic plates) to maximize the diversity of arthropods I could capture in a 

short time. Both trap types and colors are biased toward/against certain arthropod taxa; 

however, they are useful for sampling a wide variety of flying insects, particularly in 

forested habitats (Cooper & Whitmore, 1990). At each site where birds were captured, I 

deployed a blue and yellow vane trap (n=16) in conjunction with a yellow pan trap 

(n=16) to capture a wider array of arthropods. Traps were filled with a mixture of water 

and liquid detergent (2.5 mL liquid detergent/500 mL water) and placed >5 m apart from 

one another to mitigate competition between traps (Droege et al., 2010). I attached each 

vane trap to a tree at an approximate height of 1.5m, whereas pan traps were secured to 

and slightly elevated from the ground using wooden skewers. I emptied traps at least 
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twice during each of the pre- and post-spray periods and specimens collected from the 

traps were frozen for later sorting and identification. I identified arthropods to Order 

using two keys (Triplehorn & Johnson, 2005; Marshall, 2006). I chose five representative 

arthropod orders for isotopic analysis based on prior knowledge (Sample et al. 1993; 

McMartin et al. 2002) of consumption by SBW-linked warblers and similar species: 

Coleoptera (n=32), Diptera (n=33), Araneae (n=18), Lepidoptera (n=21), and Hemiptera 

(sensu stricto) (n=7).  

Spruce Budworm Abundance 

SBW abundance estimates in Btk treatment and control sites were derived from the EIS 

team’s “insects per branch” calculations (equation 2.1 and 2.2). Insects per branch data 

are collected from branch sampling (45 cm in length) at the mid-crown of spruce and fir 

that occurs during SBW’s fourth instar larval and pupal stages, which coincides with the 

pre (larval) and post (pupal) spray periods. Density maps derived from these calculations 

were provided by the EIS which allowed me to select larval/pupal sampling points closest 

to my study sites to estimate larval (pre spray) and pupal (post spray) abundance 

(Appendix B). The average larval and pupal densities for sampled Btk sites were used for 

2020 treatment estimates due to insufficient sampling of the treatment blocks where 

SBW-linked warbler fecal samples were collected. Insect abundance calculations include 

all insect taxa collected from mid-crown sampling; however, approximations of insects 

per branch were made at maximum density of both SBW larvae and pupae. As such, 

“insects per branch” calculations were used to infer peak larval and pupal densities of 

SBW.  

Equation 0.1. Peak larval densities: 
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Insects per branch = live budworm larvae/branch + live other species/branch  

Equation 0.2.Peak pupal densities: 

Insects per branch = total pupae/branch + live budworm larvae/ branch + live 

budworm pre-pupae/branch + live other species/branch  

Stable Isotope Analyses 

I analyzed stable isotopes of δ13C and δ15N to estimate diet of SBW-linked warblers pre- 

and post-spray. Feces are mainly composed of prey that has not yet been assimilated into 

the individuals’ tissues that are traditionally used in stable isotope analysis (Bird et al., 

2008). Therefore, fecal samples can reflect the current diet of individuals at the time of 

which they are captured. Individual fecal samples and arthropod specimens were placed 

in a drying oven (60°C) for 48-72 hours to remove excess moisture. Once thoroughly 

dried, I homogenized each sample by hand using a mortar and pestle to grind to a fine 

powder. A 1  0.1 mg subsample of each sample was then transferred to a tin capsule (8 x 

5mm; Elemental Analysis) and weighed using a high precision microbalance. The 

samples were analyzed by the Stable Isotopes in Nature Laboratory (SINLAB) at the 

University of New Brunswick to determine the δ13C and δ15N values of each sample. 

Statistical Analyses  

To test for the normality of C and N in each prey source (arthropod order) I used the 

Shapiro-Wilks test in R 4.2.3 (R Core Team, 2023) and evaluated histograms. There was 

significant niche overlap among various arthropod orders when examining their isotopic 

ratios using source biplots, therefore I conducted a series of one-way analyses of variance 

(ANOVA) to assess variation of means among orders. Using Tukey’s honestly significant 

difference (HSD) multiple pairwise comparisons, I could group orders that did not differ 
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significantly (P > 0.05) in either δ13C or δ15N (or both) values. I then used the MixSIAR 

package (Stock & Semmens, 2016) in R (R Core Team, 2022) to model proportional 

contributions of prey sources to my consumer data (SBW-linked warblers). After HSD 

tests showed which orders could be grouped, I included three prey sources: Hemiptera, 

Lepidoptera, and Mixed Arthropod. Orders that had analogous ratios of δ13C and δ15N 

(Coleoptera (beetles), Araneae (spiders), and Diptera (flies)) were combined as “Mixed 

Arthropod”. Insect orders possessing distinct isotopic signatures from one another were 

retained as is: Hemiptera (true bugs), and Lepidoptera (moths/butterflies). I used the 

average of previously reported fractionation rates (TDF) of +0.8‰ for δ15N and 0.6‰ for 

δ13C (Bird et al. 2008) for avian feces to adjust isotopic source estimates appropriately. 

Due to a lack of detailed diet studies on my focal species, I used the MixSIAR 

“minimally informative prior” to represent a generalist’s diet in which all combinations 

of the proportion of each prey source were equally likely (Stock et al., 2018). I then 

implemented three initial chains in my MixSIAR models of 100,000 iterations, with a 

burn-in period of 50,000 and a thinning rate of every 50th iteration. I verified model 

convergence for each mixing model using Gelman-Rubin and Geweke diagnostic reports 

in addition to trace plots produced in MixSIAR. If models did not successfully converge 

with the initial parameters set, then the length of the run was increased until convergence 

occurred. Separate models were run for each species of SBW-linked warbler for each 

treatment type (Btk and Control) to compare diets pre and post Btk application.  

Results  

Over the course of the 2020 and 2021 breeding seasons, I collected fecal samples from 

Cape May warblers pre (n=4) and post (n=4) and bay-breasted warblers pre (n=2) and 
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post (n=4) in Btk treatment sites. I also collected fecal samples in control sites from Cape 

May warblers pre (n=2) and post (n=2) and bay-breasted warblers pre (n=2) and post 

(n=6). Using stable isotope mixing models, which included three main prey sources 

(Hemiptera, Lepidoptera, and Mixed Arthropod), I compared diets of individual species 

between treatments before and after Btk applications (Figure 0-2, Figure 0-3). A 

multivariate analysis of variance (MANOVA) revealed that δ13C and δ15N values did not 

differ significantly for prey sources between treatment types (Pillai Trace= 0.001; 

~F2,111=0.06, p = 0.93) or time periods (Pillai Trace= 0.005; ~F2,111=0.33, p = 0.71) thus, 

prey sources from both treatment types and periods were pooled for subsequent analyses. 

Cape May Warbler 

Hemipteran prey sources comprised the majority of Cape May warbler diet indicated by 

the median value in Btk sites pre (54%) and post (51%) Btk application as well as in 

control sites pre (76%) and post (69%) Btk application (Table 0-1, Table 0-2, Appendix 

C).Within treatment sites prior to Btk applications, the median diet proportion of 

Lepidoptera was estimated to be 13% (95% CI, [1%-48%]) which appeared to 

subsequently increase to 21% (95% CI, [1%-56%]) post-spray (Figure 0-4). The 

overlapping 95% CIs suggest that while there is a change in the median value, there is 

95% statistical certainty that the true median value remains similar in both treatments, 

pre- and post-spray. This indicates a lack of statistical significance in Lepidoptera 

consumption between the treatment periods. Similar insignificant results were found for 

both the Hemiptera and Mixed Arthropod groups despite the seeming decrease in median 

value pre- and post-spray. In control sites, the observed median diet proportion of 

Lepidoptera seemingly increased from 9% (95% CI, [0%-67%]) to 12% (95% CI, [1%-59 
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%]) during the relevant pre-and post-spray periods, respectively (Figure 0-5). However, 

like in Btk sites the overlapping 95% CIs indicate this increase in the median value of 

Lepidoptera was not statistically significant.  

Bay-breasted Warbler 

Much like Cape May warblers, bay-breasted warbler fecal samples reflected a median 

diet primarily containing Hemipteran prey sources in Btk sites pre (59%) and post (53%) 

Btk application as well as control sites pre- (64%) and post- (63%) application (Table 

0-3, Table 0-4, Appendix C). Bay-breasted warbler diet in Btk sites during the pre-spray 

period showed the median value of Lepidoptera to be 18% (95% CI, [1%-72%]) of their 

diet, which then showed slight increase of 0.5% (95% CI, [2%-52%]) in the post spray 

period (Figure 0-6). However, overlapping CIs substantiate that this is not a statistically 

significant increase in Lepidoptera consumption. During this time in Btk sites, the 

proportion of Hemiptera and Mixed Arthropod did not significantly change either.  In 

control sites a slight decrease in Lepidoptera consumption was observed in bay-breasted 

warblers after spraying; based on the median value decreasing from  23% (95% CI, [1%-

78%]) in the pre-spray period to 21% (95% CI, [2%-60%]) in the post-spray period 

(Figure 0-7). Moreover, this decrease was not statically significant when examining the 

overlap between CIs. Median proportion of Hemiptera indicated a slight decrease (< 3%) 

and in contrast, a potential ~6% increase in the median proportion of Mixed Arthropod 

but correspondingly neither changed significantly between the pre and post-spray period. 

Spruce Budworm Abundance 

In 2020, the averaged abundance indices for SBW displayed an apparent decrease of 

approximately three-fold in sites treated with Btk between the pre-spray period (5 
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insects/branch), compared to the post-spray period (~2 insects/branch) (Table 0-5). 

Comparably, 2021 abundance indices proved similar where Btk sites decreased by three-

fold pre-(~9 insects/branch) and post-spray (~3 insects/branch) (Table 0-6). However, 

SBW abundance in control sites in 2020 and 2021 remained relatively stable between the 

pre- and post-spray periods (Table 0-5,Table 0-6). 

Discussion  

This study revealed a consistent consumption of Lepidoptera by both Cape May warblers 

and bay-breasted warblers in Btk sites between pre- and post-spray periods (Figure 0-4, 

Figure 0-6). In Btk-treated sites, the Lepidoptera consumption after spraying is slightly 

unexpected given the high efficacy associated with Btk applications (93%-98% mortality) 

for managing SBW (Bauce et al. 2009; Régnière et al. 2019). Additionally, SBW 

abundance indices in 2020 and 2021 offer some indication that SBW populations were 

reduced in Btk sites post-spray (Table 0-5, Table 0-6). In control sites, Cape May and 

bay-breasted warblers also continued to consume lepidopteran prey in the post-spray 

period (Figure 0-5, Figure 0-7); however, SBW availability appeared to remain relatively 

stable between the pre- and post-spray periods (Table 0-5, Table 0-6). Consumption of 

other prey sources including Hemiptera and Mixed Arthropod did not significantly 

change for either species of SBW-linked warbler in control or Btk sites after Btk 

application.  

 The substantial overlap of the 95% CI across treatments and periods demonstrates 

statistical insignificance among the diet composition of SBW-linked warblers. 

Hemipterans appear to be the primary food source (>50%) when SBW larvae are at low 

densities and appear unaffected by Btk treatments thus potentially reducing the 
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motivation for prey switching. In my study in areas of low SBW larvae density, Btk 

applications do not appear to have a detectable impact on SBW-linked warblers. 

However, this does not necessarily imply a lack of ecological significance for secondary 

prey sources, including Lepidoptera, such as SBW. Btk applications are known to 

substantially impact Lepidoptera populations including SBW. Therefore, the absence of 

evidence indicating a shift in representation of Lepidoptera in SBW-linked warblers’ 

diets in treated sites suggests SBW-linked warblers continue to consume some 

lepidopteran prey even after Btk applications. This apparent lack of response may suggest 

a potential shift in foraging behavior for SBW-linked warblers to compensate.  

The use of fecal samples and stable isotope analysis to analyze diet comes with 

limitations. Feces only provide information about an individual’s diet at a single time and 

place and may not always provide a complete representation of an individual’s diet. The 

results can be influenced by factors such as prey availability, digestion rate, and temporal 

variability (Crawford & Jennings, 1989; Hilton et al. 2000). For example, hemipteran 

prey sources might have been more accessible at the time of sample collection and 

therefore consumed at greater rates. In addition, there is a lack of controlled studies that 

examine diet-feces isotopic discrimination in small insectivorous songbirds, which limits 

the application of stable isotope analysis using fecal samples. However, as I did in my 

study, trophic discrimination factors from ecologically similar species can be applied as 

an alternative to yield meaningful analysis. The small sample size in my study may have 

limited my ability to detect significant diet shifts in SBW-linked warblers. It is important 

to consider that with a larger sample size more subtle changes in diet such as prey 

switching may have been observed. The small sample size of this study is likely 
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attributable to the behavior of our target species and the schedule of Btk applications in 

relation to migratory patterns. The canopy foraging behavior of SBW-linked warblers 

poses a significant challenge when capturing birds with mist nets as it can be inherently 

difficult to lure individuals below the canopy where the nets are set up. During spring 

migration, Cape May and bay-breasted warblers typically arrive in NB only two or three 

weeks preceding Btk applications. Therefore, only a small window of sampling 

opportunity is present during which fecal samples can be collected at these sites for the 

pre-spray period. Lastly, the categorization of prey by order may have masked potential 

shifts between lepidopteran species within the context of my study. Thus, while my 

results suggest minimal indirect effects of Btk on SBW-linked warblers, my results 

should be interpreted with caution particularly when it comes to applying these findings 

to management decisions.  

 The sustained Lepidoptera consumption in Btk sites may be attributable to 

populations of non-target lepidopteran species that persist after Btk applications. Some 

non-target Lepidoptera may be less affected by Btk; the efficacy of Btk applications can 

be largely influenced by species phenology, feeding habits, and distribution in the canopy 

(Strazanac & Butler, 2005). For example, species of Lepidoptera whose development 

mismatches the timing of Btk applications have a greater likelihood of reducing their 

exposure (Boulton et al., 2002). Species that feed exclusively underneath the foliage are 

also at reduced risk of exposure to lethal doses of Btk (Boulton et al., 2002). 

Microlepidoptera may experience lower levels of mortality from Btk applications 

afforded by their concealed microhabitats (Miller, 1990, Wagner et al., 1996). While 

microlepidoptera are a potential food source for SBW-linked warblers, they are 
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significantly smaller than their macrolepidoptera counterparts (e.g., SBW) making them 

more difficult for predators to locate which may increase energy expenditure (Strazanac 

& Butler, 2005). Alternatively, other studies on broader-spectrum insecticides (with 

comparable applications) have suggested that birds may shift their foraging activity into 

adjacent unsprayed areas (Moulding, 1976; Richmond et al., 1979; Hunter & Witham, 

1985). Foraging in unsprayed areas while maintaining territories in treated sites would 

incur energic costs associated with increased foraging effort and movement between 

patches (Cooper et al. 1990). An alternate explanation may be that birds are continuing to 

forage for SBW in areas of refugia. Because the experimental design of the EIS treatment 

blocks tends to be relatively small and include untreated patches of habitat bordering 

sprayed areas, it is plausible that unsprayed areas act as a refugia for individuals which 

could account for the persistent Lepidoptera consumption. In addition, Btk is primarily 

deposited in the upper canopy and therefore presumably causes a greater decrease in prey 

availability in that stratum compared to the mid or lower canopy regions (Miller, 1990). 

Therefore, some SBW larvae may persist (infrequently) in the lower strata or on shorter 

host tree species that do not receive the same amount of Btk deposit (Sundaram et al. 

2008). 

 Cape May warblers are more likely than other SBW-linked warblers to be 

vulnerable to the indirect effects of Btk applications due to their foraging strategy and 

dietary habits. Cape May warblers tend to forage in the upper canopy on the outer portion 

of the branches where SBW are also most prevalent (MacArthur, 1958). SBW may vary 

in their individual susceptibility to Btk depending on their vertical distribution in the 

canopy. Therefore, when applications are applied aerially, the upper canopy of the tree is 
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likely to experience a greater decrease in prey availability than the mid or lower canopy 

regions (Miller, 1990). To adapt to a reduction of prey availability from Btk applications, 

Cape May warblers would have to either increase their foraging effort or change their 

foraging behaviour to acquire different prey sources. During outbreak levels of SBW, the 

standardized food-niche breadth of Cape May can decline by two-thirds from the early to 

mid-breeding season with Lepidoptera comprising 79% of their diet (McMartin et al., 

2002). This finding suggests that Cape May warblers naturally exhibit a more limited 

dietary breadth, consuming only a few different prey sources with a stronger preference 

for lepidopteran prey when SBW is abundant. My study indicates that Cape May 

warblers are not prominently switching their diet to compensate for the reduction of 

Lepidoptera in treated sites but are instead likely increasing their foraging effort to 

continue consuming this prey source. These findings are consistent with evidence 

provided by Régnière et al. (2021) suggesting that when SBW density is low, Cape May 

warblers do not appear to change their foraging behaviour to search for alternate prey on 

other possible substrates. Instead, they will continue to forage primarily for SBW larvae 

on spruce or fir. 

 Mixing model analyses for bay-breasted warblers showed that Lepidoptera 

consumption did not differ significantly in Btk sites based on a sample size of 6 

individuals between the pre- (n=2) and post-spray (n=4) periods . However, bay-breasted 

warblers primarily forage in the mid-canopy, an area less affected by Btk applications 

than the upper canopy (MacArthur, 1958). Thus, it is plausible that although bay-breasted 

warblers can specialize in SBW they are less affected by Btk applications due to their 

typical foraging height and more flexible foraging habits. During outbreaks of SBW, the 
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standardized food-niche breadth of bay-breasted warblers can double from early to mid-

breeding season, where Coleopteran adults and lepidopteran larvae are both largely 

incorporated into their diet (McMartin et al., 2002). This suggests that bay-breasted 

warblers consume a wide variety of insect taxa even when SBW is available. In addition, 

at endemic levels of SBW, bay-breasted warblers have also been observed foraging for 

other prey items on deciduous trees, demonstrating greater dietary plasticity than Cape 

May Warblers.  

 Responses to Btk applications did not differ among species in terms of 

Lepidoptera consumption; however, all mixing models revealed the main dietary 

component of SBW-linked warblers in both treated and untreated sites was hemipterans. 

The EIS seeks to locate SBW populations that are rising but not at peak outbreak levels 

(Johns et al., 2019). Therefore, my Btk sites are probably more representative of a 

transitional period between endemic and epidemic SBW densities, whereas by design 

controls contain endemic densities of SBW. The low proportion of lepidopteran prey 

relative to Hemiptera in the diets of SBW-linked warblers likely reflects this assumption 

in that SBW populations have not reached outbreak levels, even in treated sites. Studies 

examining the functional response of warblers during low to transitional periods are 

limited but validate that the consumption of SBW increases with rising populations 

(Crawford et al., 1983; Crawford & Jennings, 1989). Hemipterans are presumably easier 

to forage for until SBW becomes a larger component of the prey community in an area. 

Heretofore, the diet of SBW-linked warblers during periods of low SBW larval density 

has not been examined, and my results indicate that Hemipterans are their primary food 

source during those periods. 
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 In summary, my results suggest that indirect effects of prey reduction from Btk 

applications appear to be minimal for Cape May and bay-breasted warblers. The indirect 

effects of Btk in relation to diet are slight in comparison to the direct and indirect effects 

of traditional wide-spectrum insecticides (Richmond et al., 1979; Whitmore et al., 1993). 

However, the results of my study should be interpreted cautiously if they are being used 

to justify management actions. Persistent consumption of Lepidoptera for bay-breasted 

and Cape May warblers is evident in Btk sites despite the plausible reduction in prey 

availability from treatment. To compensate for such reductions, individuals would be 

expected to increase their foraging effort and/or change foraging areas to adapt to the 

reduced availability of Lepidoptera larvae. Changes in foraging behaviour because of 

prey reduction could have long-standing implications for SBW-linked warblers in terms 

of reproduction. Therefore, additional research examining potential fitness effects (i.e., 

reproductive success), and or whether the patterns remain the same for food given to 

chicks, would be essential to quantifying the ecological significance of this study. In 

addition, the movement of SBW-linked warblers between treated and untreated areas 

should be investigated at increasingly finer scales to discern the importance of potential 

refugia in future integrated pest-management strategies.  
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Figures and Tables 

 

Figure 0-1. Map featuring the location of 16 study sites (8 Btk treatment and 8 Control) 

from 2020 (dark) and 2021(light) in northern New Brunswick, Canada. 
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Figure 0-2. Stable isotope biplot of mean (SD) 13C and 15N values of potential prey 

sources including caterpillars (Lepidoptera), true bugs (Hemiptera), spiders (Mixed 

Arthropod: Araneae), beetles (Mixed Arthropod: Coleoptera), and flies (Mixed 

Arthropod: Diptera). Isotopic signatures of Cape May warblers (Setophaga tigrina) are 

represented as individual data points from Btk treated sites pre-(n= 4) and post-(n= 4) 

spray, and untreated (control) sites pre (n= 2) and post (n= 2) spray. Cape May warbler 

illustration accredited to David Quinn. 
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Figure 0-3. Stable isotope biplot of mean (SD) 13C and 15N values of potential prey 

sources including caterpillars (Lepidoptera), true bugs (Hemiptera), spiders (Mixed 

Arthropod: Araneae), beetles (Mixed Arthropod: Coleoptera), and flies (Mixed 

Arthropod: Diptera). Isotopic signatures of bay-breasted warblers (Setophaga castanea) 

are represented as individual data points from Btk treated sites pre-(n= 2) and post-(n= 4) 

spray and untreated (control) sites pre (n= 2) and post (n= 6) spray. Bay-breasted warbler 

illustration accredited to David Quinn. 
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Figure 0-4. Proportional source contributions of Hemiptera, Lepidoptera and Mixed 

Arthropod in the diets of Cape May warblers (Setophaga tigrina) from Btk treated sites in 

2020 and 2021. Fecal samples were collected pre-(n=4) and post-(n=4) Btk application 

from sites located in New Brunswick, Canada. Proportions were estimated using a stable 

isotope mixing model (median with 25 and 75% credible intervals). 
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Figure 0-5. Proportional source contributions of Hemiptera, Lepidoptera, and Mixed 

Arthropod in the diets of Cape May warblers (Setophaga tigrina) from untreated sites in 

2020 and 2021. Fecal samples were collected during the pre-(n=2) and post-(n=2) spray 

period from Btk applications from sites located in New Brunswick, Canada. Proportions 

were estimated using a stable isotope mixing model (median with 25 and 75% credible 

intervals). 
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Figure 0-6. Proportional source contributions of Hemiptera, Lepidoptera, and Mixed 

Arthropod in the diets of bay-breasted warblers (Setophaga castanea) from Btk treated 

sites in 2020 and 2021. Fecal samples were collected pre-(n=2) and post-(n=4) Btk 

application from site located in New Brunswick, Canada. Proportions were estimated 

using a stable isotope mixing model (median with 25 and 75% credible intervals). 
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Figure 0-7. Proportional source contributions of Hemiptera, Lepidoptera, and Mixed 

Arthropod in the diets of bay-breasted warblers (Setophaga castanea) from untreated 

sites in 2020 and 2021. Fecal samples were collected during the pre-(n=2) and post-(n=6) 

spray period from Btk applications from sites located in New Brunswick, Canada. 

Proportions were estimated using a stable isotope mixing model (median with 25 and 

75% credible intervals). 
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Table 0-1. MixSIAR stable isotope mixing model summary statistics output for Cape May warbler (Setophaga tigrine) diet estimates 

in Btk sites pre-(n=4) and post-(n=4) Btk application. Median diet proportions pre-spray are 54.1% Hemiptera, 31.8% Mixed 

Arthropod, and 12.6% Lepidoptera while post-spray they are 50.8% Hemiptera, 26.7 % Mixed Arthropod, and 20.6% Lepidoptera.  

 

 

 

 

 

  

DIC = 551.5906

Mean SD 2.50% 5% 25% 50% 75% 95% 97.50%

Pre.Hemiptera 0.527 0.209 0.09 0.151 0.387 0.541 0.676 0.86 0.906

Post.Hemiptera 0.499 0.195 0.112 0.165 0.358 0.508 0.644 0.811 0.856

Pre.Mixed Arthropod 0.317 0.163 0.026 0.051 0.2 0.318 0.428 0.585 0.652

Post.Mixed Arthropod 0.277 0.132 0.053 0.08 0.182 0.267 0.36 0.51 0.572

Pre.Lepidoptera 0.156 0.127 0.005 0.01 0.056 0.126 0.221 0.402 0.476

Post.Lepidoptera 0.224 0.148 0.012 0.021 0.102 0.206 0.321 0.497 0.557

4
5
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Table 0-2. MixSIAR stable isotope mixing model summary statistics output for Cape May warbler (Setophaga tigrine) diet estimates 

in untreated (control) sites pre-(n=2) and post-(n=2) spray. Median diet proportions pre-spray are 76.4% Hemiptera, 8.7% Mixed 

Arthropod, and 9.3% Lepidoptera while post-spray they are 68.8% Hemiptera, 13.2 % Mixed Arthropod, and 12.3% Lepidoptera.  

 

 

 

 

  

DIC = 539.8158

Mean SD 2.50% 5% 25% 50% 75% 95% 97.50%

Pre.Hemiptera 0.694 0.246 0.086 0.17 0.562 0.764 0.889 0.973 0.985

Post.Hemiptera 0.645 0.226 0.146 0.213 0.491 0.686 0.829 0.938 0.957

Pre.Mixed Arthropod 0.148 0.165 0.002 0.004 0.028 0.087 0.213 0.491 0.617

Post.Mixed Arthropod 0.185 0.167 0.004 0.009 0.053 0.132 0.276 0.531 0.595

Pre.Lepidoptera 0.157 0.175 0.002 0.004 0.031 0.093 0.226 0.539 0.67

Post.Lepidoptera 0.171 0.156 0.005 0.009 0.055 0.123 0.245 0.499 0.591

4
6
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Table 0-3. MixSIAR stable isotope mixing model summary statistics output for bay-breasted warbler (Setophaga castanea) diet 

estimates in Btk sites pre-(n=2) and post-(n=4) Btk application. Median diet proportions pre-spray are 68.9% Hemiptera, 9.4% Mixed 

Arthropod, and 18.1% Lepidoptera while post-spray they are 59.3% Hemiptera, 20.3 % Mixed Arthropod, and 18.6% Lepidoptera.  

 

 

  

DIC = 536.5608

Mean SD 2.50% 5% 25% 50% 75% 95% 97.50%

Pre.Hemiptera 0.656 0.205 0.165 0.25 0.538 0.689 0.812 0.928 0.951

Post.Hemiptera 0.585 0.152 0.257 0.314 0.49 0.593 0.695 0.819 0.853

Pre.Mixed Arthropod 0.116 0.092 0.007 0.012 0.048 0.094 0.161 0.29 0.35

Post.Mixed Arthropod 0.208 0.103 0.024 0.046 0.137 0.203 0.273 0.389 0.431

Pre.Lepidoptera 0.228 0.192 0.006 0.011 0.072 0.181 0.333 0.622 0.719

Post.Lepidoptera 0.207 0.137 0.016 0.026 0.103 0.186 0.286 0.463 0.519

4
7
 

 



 

 
48 

Table 0-4. MixSIAR stable isotope mixing model summary statistics output for bay-breasted warbler (Setophaga castanea) diet 

estimates in untreated (control) sites pre-(n=2) and post-(n=6) spray. Median diet proportions pre-spray are 64% Hemiptera, 8.1% 

Mixed Arthropod, and 23.1% Lepidoptera while post-spray they are 62.9% Hemiptera, 13.9 % Mixed Arthropod, and 21.3% 

Lepidoptera.  

 

 

DIC = 549.9361

Mean SD 2.50% 5% 25% 50% 75% 95% 97.50%

Pre.Hemiptera 0.607 0.241 0.089 0.15 0.439 0.64 0.805 0.942 0.964

Post.Hemiptera 0.609 0.185 0.191 0.272 0.494 0.629 0.745 0.879 0.91

Pre.Mixed Arthropod 0.116 0.117 0.004 0.007 0.032 0.081 0.159 0.35 0.445

Post.Mixed Arthropod 0.156 0.11 0.008 0.016 0.071 0.139 0.22 0.368 0.407

Pre.Lepidoptera 0.277 0.219 0.006 0.011 0.089 0.231 0.423 0.705 0.783

Post.Lepidoptera 0.235 0.153 0.016 0.03 0.119 0.213 0.32 0.529 0.604

4
8
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Table 0-5. Insect per branch average estimates for Btk and control sites in 2020 where 

larval abundance corresponds to density during the pre-spray period and pupal abundance 

corresponds to the post-spray period. Estimates were provided by the Early Intervention 

Strategy and Forest Protection Limited.  
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Table 0-6. Insect per branch average estimates for Btk and control sites in 2021 where 

larval abundance corresponds to density during the pre-spray period and pupal abundance 

corresponds to the post-spray period. Estimates were provided by the Early Intervention 

Strategy and Forest Protection Limited. 
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Chapter 2: General Discussion 

Thesis Summary 

I sought to determine whether warblers’ diets are affected by applications of the 

insecticide Btk (Bacillus thuringiensis kurstaki) for the Early Invention Strategy (EIS). 

The EIS uses Btk to control spruce budworm (Choristoneura fumiferana (Clemens), 

Lepidoptera: Tortricidae; hereafter “SBW”) populations in high density areas. The 

mosaic design of the EIS program leaves sprayed and unsprayed patches and provides an 

ideal system to explore potential dietary changes from Btk applications in species that 

forage heavily on SBW. The bay-breasted (Setophaga castanea Wilson) and Cape May 

warbler (S. tigrine Gmelin), (hereafter referred to as “SBW-linked warblers”) are natural 

predators of SBW that opportunistically specialize in SBW when it is abundant. SBW-

linked warblers play a role in reducing the speed of an outbreak and, in turn, can further 

aid the efforts of the EIS (Johns et al. 2019). The main objective of my study was to 

examine the dietary plasticity of SBW-linked warblers by determining whether they 

exhibit a prey switch when their primary prey source becomes depleted from Btk 

applications. Previous studies on these species have established the type III functional 

response (prey switching) that is exhibited by SBW-linked warblers during SBW 

outbreaks in which SBW becomes their primary food source (Crawford & Jennings, 

1989; McMartin et al. 2002). I tested the prediction that the depletion of their main food 

source from insecticide applications is likely to generate a dietary shift in SBW-linked 

warblers. The results of my study thus provide potential insight on the dietary plasticity 

of SBW-linked warblers in response to Btk applications and the potential conservation 

implications of prey depletion. 
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 In Chapter 2 of this thesis, I quantified changes in the dietary habits of SBW-

linked warblers by collecting fecal samples to compare individuals in sprayed (Btk) and 

unsprayed (control) areas. I used stable isotope analysis and Bayesian mixing models to 

assess the diet composition of individuals. Existing knowledge on the preference of SBW 

as a primary food source led to my hypothesis that SBW-linked warblers would 

observably switch their prey following Btk applications. I predicted that if SBW larval 

abundance is reduced significantly by Btk then SBW-linked warblers will prey switch 

revealing a different dietary complement before and after the application of Btk in treated 

sites. In contrast, SBW-linked warblers in control sites would not show a different dietary 

complement during this time. Contrary to my prediction, Cape May and bay-breasted 

warblers did not drastically shift their diet from lepidopteran prey in Btk sites following 

insecticide applications. Instead, I observed that SBW-linked warblers maintained a 

representation of Lepidoptera in their diet in Btk and control sites after insecticide 

applications had occurred. This continued consumption of Lepidoptera in Btk sites post-

spray suggests that neither species of SBW-linked warbler are necessarily switching 

away from lepidopteran prey to compensate for the reduction in this food source. Other 

compensatory behaviours such as enlarging foraging areas and shifting foraging location 

could account for the lack of prey switch; however, these responses would have been 

difficult to detect within the context of my study.   

 My data did not show a significant effect of Btk applications on the diets of SBW-

linked warblers in Btk sites. In control sites, SBW-linked warblers exhibited opposite 

trends from one another. Cape May warblers increased in the median values of 

Lepidoptera consumption between the pre- and post-spray period whereas bay-breasted 
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warblers decreased; however, this trend was not found to be statistically significant. 

Nevertheless, it may imply that SBW-linked warblers exploit Lepidoptera larvae to 

varying degrees when SBW densities are low and should be investigated further. 

Hemipterans were the main dietary component for SBW-linked warblers in Btk and 

control sites which may be representative of their dietary preferences during endemic 

levels of SBW.   

 In addition to sample size, one major limitation to my study was the selection of 

control sites. Although SBW populations remained rather stable in control sites between 

the pre- and post-spray periods, control sites naturally contained a lower abundance of 

SBW (otherwise they would have been slated for treatment). Consequently, it is uncertain 

whether dietary habits in control sites represent a diet free from implications of Btk 

treatment because the availability of SBW was not equivalent. Results from control sites 

should be interpreted with this caveat in mind.  

Future Research and Conservation Implications  

NB has a long history of using aerial insecticide applications to control SBW populations 

to minimize the economic impact on the forestry industry. Since the 1950’s, NB has used 

a variety of insecticides for managing SBW with active ingredients such as 

dichlorodiphenyltrichloroethane (DDT), fenitrothion, aminocarb, and phosphamidon 

(Heartz et al. 2023) in its spray programs. All of these were broad-spectrum insecticides 

that cause direct mortality or sublethal effects to non-target species including songbirds 

(Bubsy et al. 1982; Freedman, 1995). For example, major insecticide treatments carried 

out in the 1970’s caused an estimated mortality of several million birds, largely of species 

in the family Parulidae (Pearce et al. 1976). Accordingly, acutely toxic insecticides were 
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discontinued and led to the introduction of biological alternatives such as Btk that is 

lepidoptera-specific (Burgess et al. 1995). There is no evidence that Btk is directly toxic 

to songbirds; however, its use could have resulting secondary effects from prey reduction 

which was a motivating factor for my study and one that continues to warrant further 

research. However, the indirect effects of Btk in relation to diet found in my study are 

slight compared to the indirect and direct effects from historic broad-spectrum chemical 

insecticides.  

 I found no significant dietary shift in SBW-linked warblers from lepidopteran 

prey following Btk applications in both study species, which suggests these individuals 

are likely adopting mitigating strategies such as increasing foraging effort and/or foraging 

area to compensate. A contemporaneous study investigating the occupancy rates of SBW-

linked warblers observed that most SBW-linked Warblers vacate Btk sites after 

insecticide applications (MacIvor, 2022. unpublished thesis). These findings support the 

postulation that Cape May warblers are more susceptible to applications of Btk than bay-

breasted warblers as they vacate sprayed areas at a faster rate. My study provides 

evidence that some individuals do not vacate after Btk applications and those individuals 

that remain do continue to forage for lepidopteran prey. However, because Hemipteran 

prey sources make up ~50% of their diet it is feasible that individuals that remain in 

treated sites after Btk applications are those who were not consuming large quantities of 

Lepidoptera beforehand and are perhaps more focused on exploiting other prey sources 

instead (Araújo et al. 2011; Bookwalter et al. 2023). Such individuals may have reduced 

motivation to prey switch or vacate their established territories. Alternatively, studies on 

lepidoptera-specific insecticides including Btk have found evidence of compensatory 
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behaviors being used in response to low larval abundance. Burgess et al. (1995) reported 

that songbirds in Btk-treated areas shifted their foraging activity to the ground and shrub 

layer, which likely resulted from reduced larval abundance in the forest canopy. Studies 

on comparable insecticides such as Dimilin and Tebufenozide have also stated similar 

findings. For example, Cooper et al. (1990) found that foraging areas of Red-eyed vireos 

(Vireo olivaceus) were 2-3 times larger in plots treated with Dimilin, indicating this 

behavioral response was likely driven by prey depletion from insecticide application. 

It remains to be determined whether Btk applications can cause changes in 

behavior for other species thought to be specialists on SBW outbreaks such as the 

Tennessee (Leiothlypis peregrina) or Blackburnian warbler (Setophaga fusca) (Crawford 

et al. 1983; Crawford & Jennings, 1989). Because my sample sizes for these two species 

were too small, I was unable to determine whether all SBW-linked warblers respond 

similarly. However, research examining the effects of Tebufenozide on Tennessee 

warblers found that females foraged for longer durations in blocks treated with 

Tebufenozide than controls which resulted in similar nestling diets despite the reduced 

larval abundance in treated areas (Holmes, 1998). This provides some evidence that 

Tennessee warblers will likely respond to Btk applications in a similar manner to Cape 

May and bay-breasted warblers. Further dietary comparisons would be needed to assess 

this.  

SBW is one of the greatest economic threats to the softwood dominated forestry 

industry in the Atlantic provinces. For NB in particular, the economic impacts to the 

forestry industry from a moderate outbreak could be devastating (Natural Resources and 

Energy Development, 2023). Therefore, SBW populations have been managed intensely 
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(e.g., under the EIS) to evade significant defoliation and resulting reduction in wood 

supply. The EIS program has been quite successful in that since 2019 province wide 

SBW estimates have been declining annually. As of 2022, these estimates were the 

lowest since the implementation of the program (Natural Resources and Energy 

Development, 2023). Quebec (QC), Canada borders NB to the north and is the initial 

epicentre of the current SBW outbreak. In contrast to NB, QC did not manage the 

outbreak with the EIS or same degree of intervention as NB. Instead, QC adopted a more 

passive approach by allowing the cycle to (an extent), run its natural course. Recent 

reports (Ministère des Ressources naturelles et des Forêts, 2023) estimate ~10 million ha 

of defoliation in QC which is much greater than the total forested area of NB (6.2 million 

ha). Because QC is so much larger than NB, it could sustain more of the impact inflicted 

by SBW and allow the cycle to naturally progress. On the NB side of the border, the EIS 

intervention appears to, at least at a regional scale, have successfully suppressed the long-

term periodic outbreak cycle of SBW. For now, it remains uncertain if or how the 

continuation of cycle suppression of this natural disturbance will influence populations of 

species such as SBW-linked warblers and their interactions with SBW. Given that the 

budworm outbreak forest recovery cycle has been occurring since the Ice Age it is 

difficult to predict what the suppression of that cycle would yield ecologically. A 

potential way to quantify this would be to compare monitoring of QC’s Forest 

community to NB’s over the long term.  

Conclusion 

Overall, my findings suggest that the effects of Btk applications on SBW-linked 

warblers diets are not significant in individuals that do not vacate sites treated with Btk 
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applications. These results were opposite to my prediction that SBW-linked warblers 

would decrease lepidoptera consumption following Btk applications.  I suggest that the 

lack of observable effect is a product of increasing foraging area and/or effort, or the 

result of an insufficient sample size to detect a significant prey switch. It is unknown 

whether increasing foraging area/effort incurs energetic costs for SBW-linked warblers. 

Therefore, it is important to consider both Cape May and bay-breasted warblers when 

implementing large scale insecticide applications such as Btk. Because Btk applications 

occur in the late spring after many birds have established territories and have begun 

feeding young, longer durations away from the nest to acquire food could indirectly 

impact nest success as fledging survival is correlated to nestling weight at the time of 

fledging (Perrins, 1965). Cape May and Bay-breasted warblers are both species that 

participate in biparental care where the male and female are responsible for bringing food 

to nestlings (Mendall, 1937; Pettingill, 1971). Thus, further research is warranted to 

ascertain whether the energetic effects of these responses result in reduced reproductive 

success and/or fitness for SBW-linked warblers. 

  



 

 
66 

Literature Cited 

Araújo, M. S., Bolnick, D. I., & Layman, C. A. (2011). The ecological causes of 

individual specialisation. Ecology letters, 14(9), 948-958. 

Bookwalter, J., Niyas, A. M. M., Caballero-López, B., Villari, C., Marco-Tresserras, J., 

Burgas, A., Ferrandiz-Rovira, M., & Claramunt-López, B. (2023). DNA 

metabarcoding Passerine bird feces at tree-line uncovers little intra-and inter-species 

dietary overlap. Community Ecology, 24(2), 147-157. 

Burgess, N., Holmes, S., Pauli, B., & Millikin, R.L. (1995). Bacillus thuringiensis 

Biotechnology and Environmental Benefits. In T-Y Feng et al. (Eds.), Potential 

indirect impacts of Btk on insectivorous birds: Canadian concerns and research 

response. Hua Shiang Yaun Publishing Co. pp. 505-519. 

Busby, D. G., Pearce, P. A., & Garrity, N. R. (1982). Brain cholinesterase inhibition in 

forest passerines exposed to experimental aminocarb spraying. Bulletin of 

Environmental Contamination and Toxicology, 28, 225-229. 

Cooper, R. J., Dodge, K. M., Martinat, P. J., Donahoe, S. B., & Whitmore, R. C. (1990). 

Effect of diflubenzuron application on eastern deciduous forest birds.  Journal of 

Wildlife Management, 54(3),486-493. 

Crawford, H. S., Titterington, R. W., & Jennings, D. T. (1983). Bird predation and spruce 

budworm populations. Journal of Forestry, 81(7), 433-478. 

Crawford, H. S., & Jennings, D. T. (1989). Predation by birds on spruce budworm 

Choristoneura fumiferana: functional numerical, and total responses. Journal of 

Ecology, 70(1), 152-163.  



 

 
67 

Freedman, B. (1995). Environmental ecology: the ecological effects of pollution, 

disturbance, and other stresses. Elsevier. pp. 254-259. 

Heartz, S., MacLean, D. A., Johns, R. C., Carleton, D., Amos-Binks, L., Anderson, Q., 

Yu, Y., Lewis, A. D., Lavigne, D., Burant, J. B., & Edge, C. B. (2023). Historical 

pesticide applications for the treatment of eastern spruce budworm infestations in 

New Brunswick. Ecology, 104(7), e4068. https://doi.org/10.1002/ecy.4068 

Holmes, S. B. (1998). Reproduction and nest behaviour of Tennessee warblers Vermivora 

peregrina in forests treated with Lepidoptera-specific insecticides. Journal of 

Applied Ecology 35(2), 185-194. 

Johns, R.C., Bowden, J.J., Carleton, D.R., Cooke, B.J., Edwards, S., Emilson, E.J.S., 

James, P.M.A., Kneeshaw, D., MacLean, D.A., Martel, V., Moise, E.R.D., Mott, 

G.D., Norfolk, C.J., Owens, E., Pureswaran, D.S., Quiring, D.T., Régnière, J., 

Richard, B., & Stastny, M.A. (2019). Conceptual framework for the spruce budworm 

early intervention strategy: Can outbreaks be stopped? Forests, (10), 910. 

MacIvor, M. (2022). Occupancy patterns of spruce budworm-linked warblers in 

response to the application of Btk. MSc thesis, University of New Brunswick, 

Fredericton, NB. 

McMartin, B., Bellocq, I., & Smith, S. M. (2002). Patterns of consumption and diet 

differentiation for three breeding warbler species during a spruce budworm 

outbreak.  Auk, 119(1), 216-220. 

Mendall, H. L. (1937). Nesting of the Bay-breasted Warbler.  Auk, 54(4), 429-439. 

https://doi.org/10.1002/ecy.4068


 

 
68 

Ministère des Ressources naturelles et des Forêts. 2023 Aires infestées par la tordeuse des 

bourgeons de l’épinette au Québec en 2023. Québec, Gouvernement du Québec. 

Résultats 2023, p 5. 

Natural Resources and Energy Development. (2023). Summary of forest pest conditions 

2022. pp. 7-9. 

Pearce, P. A., Peakall, D. B. & Erskine, A. J. (1976). Impact on forest birds of the 1975 

spruce budworm spray operation in New Brunswick, Canadian Wildlife Service 

Progress Notes, 62, Ottawa, Ontario.  

Perrins, C. M. (1965). Population fluctuations and clutch-size in the Great Tit, Parus 

major L.  Journal of Animal Ecology, 34(3), 601-647. 

Pettingill, Jr., O. S. (1971). Cape May warbler nesting in Michigan. Jack Pine Warbler, 

49, 125-126. 

  



 

 
69 

Appendix A: Fecal sampling apparatus used to acquire fecal samples 

from focal species in 2020 and 2021. 
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Appendix B: EIS spruce budworm abundance indices (insects per 

branch) from Btk treatment and control sites in 2020 and 2021 
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Appendix C: Stable isotope mixing model posterior diet estimates for Cape May and bay-breasted warblers 

in Btk and untreated sites. 

 

Cape May warbler (CMWA) posterior diet estimates in Btk treated sites pre- and post-spray.  
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Cape May warbler (CMWA) posterior diet estimates in untreated (control) sites pre- and post-spray.  
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Bay-breasted warbler (BBWA) posterior diet estimates in Btk treated sites pre- and post-spray.  
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Bay-breasted warbler (BBWA) posterior diet estimates in untreated (control) sites pre- and post-spray.  

 

7
7
 

 



 

 

Curriculum Vitae 

Candidate’s Full Name: Fawn Melina Maika 

Universities Attended (with dates and degrees obtained): 

Bachelor of Science in Environment and Natural Resources – Wildlife Conservation 

major, University of New Brunswick (2017-2019).  

Wildlife Conservation Technology diploma, Holland College (2015-2017).  

Publications: none to date 

Conference Presentations:  

Maika, F., Johns, R., Nocera, J. (2023). The indirect effects of a biological insecticide on 

habitual diet in bay-breasted and cape may warblers. Presentation at the Atlantic Society 

of Fish and Wildlife Biologists. Corner Brook, NL, Canada. 

Maika, F., Johns, R., Nocera, J. (2023). The indirect effects of a biological insecticide on 

habitual diet in Bay-breasted and Cape May warblers. Presentation at the American 

Ornithological Society/ Society of Canadian Ornithologists joint conference. London, 

ON, Canada. 

Maika, F., Johns, R., Nocera, J. (2021). The effects of Btk (Bacillus thuringiensis var. 

kurstaki) application on diets of eastern North American wood-warblers. Presentation at 

the Atlantic Society of Fish and Wildlife Biologists. Cardigan, PEI, Canada. 


	Abstract
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Symbols, Nomenclature, or Abbreviations
	Chapter 1: General Introduction
	The Early Intervention Strategy
	Bacillus thuringiensis var. kurstaki (Btk)
	Research Objective and Predictions

	Literature Cited
	Chapter 2: Cape May and Bay-breasted Warblers dietary response to reduced prey availability
	Abstract
	Introduction
	Methods
	Study Area and Experimental Design
	Fecal Collection
	Prey Availability
	Spruce Budworm Abundance
	Stable Isotope Analyses
	Statistical Analyses

	Results
	Cape May Warbler
	Bay-breasted Warbler
	Spruce Budworm Abundance

	Discussion
	Figures and Tables

	Literature Cited
	Chapter 2: General Discussion
	Thesis Summary
	Future Research and Conservation Implications
	Conclusion

	Literature Cited
	Appendix A: Fecal sampling apparatus used to acquire fecal samples from focal species in 2020 and 2021.
	Appendix B: EIS spruce budworm abundance indices (insects per branch) from Btk treatment and control sites in 2020 and 2021
	Appendix C: Stable isotope mixing model posterior diet estimates for Cape May and bay-breasted warblers in Btk and untreated sites.

