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ABSTRACT 

Community science is a data collection approach that provides volunteers with the unique 

opportunity to participate in research and allows scientists to involve the general public in 

the data collection component of their research project. This approach is unique because of 

its ability to cost-effectively collect data across vast geographic areas. The Budworm 

Tracker community science program has been running since 2015 and uses pheromone 

traps to track moth dispersal and densities of spruce budworm, Choristoneura fumiferana 

[Clem.]. The spruce budworm is an important outbreaking insect pest of spruce, Picea spp. 

(Mill) Brittain, and balsam fir, Abies balsamea (L.) Mill. trees that can disperse up to 450 

km in northeastern North America.  

To better understand the advantages and disadvantages of using community science 

as a tool for monitoring important pests I compared the Budworm Tracker Program to a 

contemporaneous and overlapping conventional government-run pheromone trapping 

program. In my first data chapter, I quantitatively assessed the tradeoffs of geospatial 

distribution of sites, trap catch abundances and financial costs between these two 

monitoring and data collection approaches. I show that the community science program’s 

geospatial distribution of sites tended to be more clumped near cities and the conventional 

was more uniformly distributed. I also show that the two approaches had similar trap catch 

abundances with the community science program providing some phenological data and 

the community science approach was cheaper than the conventional. My results also 

showed that hybridizing the two approaches may provide a balance of tradeoffs by 

optimizing the benefits and reducing the shortcomings.  
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For my second data chapter, I ran a preliminary study using stable isotope analysis 

to test if I could use 13C, 18O and 15N isotopes, to track the dispersal of spruce budworm 

moths. Using sleeve cages, I trapped budworm larvae on branches of balsam fir trees at 

four different sites within the approximate range limit of the previous spruce budworm 

outbreak. After pupation I returned to the sites to retrieve foliage samples and moth wings 

from each branch and tested for variation in isotopic ratios among sites back in the lab. My 

goal was to determine if this tool could help researchers better understand if moths caught 

in pheromone traps are locals or dispersed immigrants. This preliminary study showed 

some promising results that stable isotopes 13C and 18O may have the potential be used to 

monitor the movements of spruce budworm moths and determine the origin of those 

dispersers. However, there was no indication that 15N is a suitable isotope for tracking the 

movements of budworm dispersal.   

In summary, my thesis provides a unique comparison of the advantages and 

disadvantages of community science as well as some of its applications for enhancing 

monitoring and analyses to better understand dispersal.  

 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGEMENTS  

I would like to thank my supervisors, Dr. Stephen Heard and Dr. Rob Johns for their 

dedicated support and guidance throughout this process as a part-time graduate student. 

You have both taught me so much over the course of my thesis and I will be forever grateful 

for your encouragement over the years.  I cannot thank you enough for everything you’ve 

done to support me and ensure I come out of this Masters as a better writer and researcher.  

 

Thank you to my supervisory committee, Dr. Les Cwynar and Dr. Jess Vickruk for your 

valuable insights and comments throughout my thesis. You both are very talented 

researchers and I’m very thankful for the encouragement and thoughtful comments you’ve 

given me throughout my Masters. An honorable mention to Dr. Brian Hayden and Dr. Tom 

Beckley for your advice throughout my thesis as it took shape in the earlier years. 

 

Thank you everyone who helped me get this research off the ground from site selection, to 

sample collection, to data entry and lad processing. Specifically, I’d like to thank the 

Government of Nova Scotia, Stéphane Bourassa, Keegan Moore, Dr. Sara Edwards, the 

Healthy Forest Partnership summer research team, the University of New Brunswick 

Stable Isotopes in Nature Laboratory, Drew Carleton, Doug Winter, Erik Knopf, Ian 

DeMerchant, Anne McGeachy, Jonathan Rush and of course, the Heard’s Nerds.  

 

Finally, a massive thank-you to my loved ones for your unwavering patience and support!   

 



v 

 

TABLE OF CONTENTS 

 

ABSTRACT ....................................................................................................................... ii 
ACKNOWLEDGEMENTS ............................................................................................... iv 

TABLE OF CONTENTS .................................................................................................... v 

LIST OF TABLES ............................................................................................................. vi 

LIST OF FIGURES .......................................................................................................... vii 
CHAPTER 1 - GENERAL INTRODUCTION ................................................................... 1 

REFERENCES ................................................................................................................ 6 

CHAPTER 2 - HAVING IT ALL: HYBRIDIZING CONVENTIONAL AND 
COMMUNITY SCIENCE MONITORING FOR ENHANCED DATA QUALITY AND 
COST SAVINGS ............................................................................................................... 10 

INTRODUCTION ......................................................................................................... 10 
MATERIALS AND METHODS .................................................................................. 13 
RESULTS ...................................................................................................................... 18 
DISCUSSION ................................................................................................................ 19 
REFERENCES .............................................................................................................. 25 

CHAPTER 3 - ASSESSING THE POTENTIAL OF STABLE ISOTOPE ANALYSIS 
TO TRACK SPRUCE BUDWORM REGIONAL DISPERSAL ..................................... 37 

INTRODUCTION ......................................................................................................... 37 
MATERIALS AND METHODS .................................................................................. 40 
RESULTS ...................................................................................................................... 43 
DISCUSSION ................................................................................................................ 44 

REFERENCES .............................................................................................................. 49 

CHAPTER 4 - GENERAL CONCLUSIONS ................................................................... 61 
REFERENCES .............................................................................................................. 67 

APPENDIX 1 .................................................................................................................... 72 

CURRICULUM VITAE 
 

 

 



vi 

 

LIST OF TABLES 

 

Table 1. Itemized costs of conventional vs. Budworm Tracker based on CAD$. For 

simplicity, where there were small discrepancies in the costs between the two programs 

(e.g., due to the use of different distributors) we used the average cost between programs.

 ........................................................................................................................................... 30 

 

Table 2. Cost of different trap-checking frequencies between the two monitoring 

approaches. ........................................................................................................................ 31 



vii 

 

LIST OF FIGURES 

 

Figure 1. Summary of the main costing components of the conventional vs. Budworm 

Tracker approaches for monitoring spruce budworm moths via sex pheromone traps. 

Materials (M), assembly (A) and processing (P) costs and protocols are essentially the same 

for the two programs. However, distribution (D) and setup (S) costs for deploying traps in 

the conventional program involves travel and professional staff, whereas Budworm 

Tracker relies on mail and volunteers. .............................................................................. 32 

 

Figure 2. Geospatial distribution of the conventional monitoring (a, b) and Budworm 

Tracker sites (c, d) in 2016 and 2017. Shaded areas represent cells where at least on trap 

was present, whereas blank cells are areas with no traps. ................................................. 33 

 

Figure 3. Correlation between spruce budworm moth abundance from conventional 

monitoring vs. Budworm Tracker traps in a) 2016 (r = 0.65, p value <0.05) and b) 2017 (r 

= 0.58, p value <0.05). ....................................................................................................... 34 

 

Figure 4. Cost of distribution for each program depending on number of sites to be 

sampled. ............................................................................................................................. 35 

 

Figure 5. Costs for conventional monitoring, Budworm Tracker, and a hybrid approach of 



viii 

 

the two for 100 sites and a single annual trap-check. The Hybrid scenario assumes 60 

Budworm Tracker and 40 conventional monitoring sites. ................................................ 36 

 

Figure 6. Location of the Cape Breton (45.951, -60.019), Yarmouth, (43.885, -65.443), 

Montmagmy (46.871, -70.428) and Baie Comeau (49.443, -67.273) sites. ...................... 54 

 

Figure 7. Relationship of foliage 𝛿18O values (‰) and latitude (P = 0.87, r = 0.13) ....... 55 

 

Figure 8. Variation of 𝛿13C foliage values (‰) between sites (ANOVA, F = 19.63, p = 

0.01). .................................................................................................................................. 56 

 

Figure 9. Variation of 𝛿15N foliage values (‰) between sites (ANOVA, F = 9.54, p = 

0.03). .................................................................................................................................. 57 

 

Figure 10. Relationship of spruce budworm wing 𝛿18O values (‰) and the balsam fir 

foliage (P = 0.08, r = 0.9) the budworm consumed during development. ........................ 58 

 

Figure 11. Relationship of spruce budworm wing 𝛿13C values (‰) and the balsam fir 

foliage (P = 0.17, r = 0.83) the budworm consumed during development. ...................... 59 

 

Figure 12. Relationship of spruce budworm wing 𝛿15N values (‰) and the balsam fir 

foliage (P = 0.46, r = -0.53) the budworm consumed during development. ..................... 60 

 



 

 

 

1 

CHAPTER 1 - GENERAL INTRODUCTION 

 

EMILY OWENS 

  

Department of Biology, University of New Brunswick, PO Box 4400, Fredericton, New 

Brunswick, E3B 5A3 

 

Community science (aka citizen science) is a data collection strategy that involves a 

partnership between volunteers and researchers. Although it has been used in various ways 

for centuries, the past decade has seen a substantial increase in its application for data 

collection (Cooper 2016). Community science was endorsed by the United Nations as a 

strategy to increase public engagement and trust in government research (Sharpe and 

Conrad 2006). Community science provides volunteers with the unique opportunity to 

engage with researchers on what they believe are important research or conservation 

projects, and it allows researchers to involve the general public in the data collection 

component of their research projects (Domroese and Johnson 2017). This approach is 

unique because of its ability to collect data across vast geographic areas, often at a reduced 

cost (Tullock et al. 2013). Although it is often used in conservation and ecological research 

monitoring ungulates (Tallian et al. 2021), fish (Lamine et al. 2017), birds (Newson et al. 

2016), plants (Haywood et al. 2015), pollinators (Domrose and Johnson 2016) and 

butterflies (Dennis et al. 2017), there are comparatively few instances where it has been 

used for monitoring insect pests (but see Steininger et al. 2015). 
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The spruce budworm, Choristoneura fumiferana [Clem.], is the most destructive 

outbreaking defoliator of spruce, Picea spp. (Mill) Brittain, and balsam fir, Abies balsamea 

(L.) Mill. trees in northeastern North America. Spruce and fir tree mortality may occur 

after 4 to 5 consecutive years of spruce budworm defoliation (MacLean and Ostaff 1989) 

and the previous outbreak in the 1980’s caused nearly 52 million hectares of damage that 

devastated the forest in Canada (National Forestry Database 2015). Outbreaks generally 

occur every 25-40 years (Boulanger and Arsenault 2004) with evidence of outbreaks dating 

as far back as 7000 years (Simard et al. 2006). Exactly what causes the rise and spread of 

these outbreaks is still generally unknown (Pureswaran et al. 2016).  

After mating in late summer, female moths lay eggs on spruce and fir trees. The 

eggs hatch into first instar larvae, which find a hibernaculum (i.e., small crack or crevice) 

on the tree, molt and overwinter as second instar larvae. In the spring, the second instar 

larvae emerge to feed on new foliage until they reach the sixth instar before pupating and 

emerging as ready-to-mate moths (Royama 1984). These moths mate and either lay their 

eggs locally or disperse to a new region to lay their eggs after dispersal as immigrant moths. 

Although budworm moths frequently undergo local dispersal within the stand where they 

mated, on occasion they undergo windspeed dependant longer-range dispersal of up to 450 

km (Greenbank 1980; Anderson 2011).  

Although there remains some debate in the literature (Pureswaran et al. 2016), moth 

dispersal is thought to contribute to outbreak dynamics by either enhancing spread or 

intensifying regional outbreaks (Sturtevant et al. 2013). How moth dispersal actually 

contributes to budworm outbreaks remains poorly understood (Pureswaran et al. 2016) due 

in part to the challenge of collecting data on moth movement over large geographic areas. 
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Tools such as weather radar (Boulanger er al. 2017), genetic markers (Larroques et al. 

2018) and pheromone traps (Carelton et al. 2020) have been used to help us better 

understand budworm moth dispersal. Although these tools have been used for many years 

it remains unclear which theory best represents the influence of migration on budworm 

dynamics (Pureswaran et al 2016). 

The overall objective of my thesis was to help improve approaches and tools for 

monitoring and detecting spruce budworm dispersal. I compare two applications for 

monitoring and better understanding budworm dispersal: a community science vs. a 

conventional government-run program to monitor moths using pheromone traps (Chapter 

2) and stable isotope analysis to determine which isotopes may be best suited for 

determining a moth’s origin and if there is an isoscape (i.e., a map of the geographic 

distribution of isotopes) across the landscape of the budworm’s short dispersal range 

(Chapter 3). These tools could be used to help us better understand the underlying mysteries 

behind budworm dispersal and help us better understand what role budworm dispersal, if 

any, plays in the rise and spread of an outbreak. The specific objectives of Chapter 2 and 

Chapter 3 are outlined below. 

In Chapter 2 my objective was to better understand the advantages and 

disadvantages of using community science as a tool for monitoring important dispersing 

insect pests. I compared the Budworm Tracker community science program, which uses 

frequently checked pheromone traps to monitor moth dispersal and densities, to a 

contemporaneous and overlapping conventional government-run pheromone trap 

monitoring program that does not monitor moth dispersal but does one check at the end of 

the moth flight season to determine annual densities. To determine the advantages and 



 

 

 

4 

disadvantages of each approach, I quantitatively assessed the geospatial distribution of 

sites, trap catch abundances, and financial cost of each approach. Finally, I assessed 

whether a hybrid of the two approaches may optimize benefits that come with each 

program (i.e., cost savings and public engagement) while minimizing their downsides (i.e., 

poor coverage and data quality).  

In Chapter 3 my objective was to run a preliminary study to determine which, if 

any, isotopes may be best for determining the origins and movement patterns of budworm 

moths. To do this I tested if there is a detectable isoscape across the landscape where I 

expected spruce budworm moths to undergo dispersal. I selected four sites in mixedwood 

stands, which are characterized by varying hardwood and softwood trees, ~500 km apart 

north to south and east to west within the approximate range limit of the previous spruce 

budworm outbreak in eastern Canada. Using fine-mesh cloth sleeve cages, I contained 

budworm larvae on branches of balsam fir trees at each site. After the budworm fed on the 

balsam fir foliage and pupated, I returned to each site to cut the branch off and bring them 

back to the lab and to retrieve foliage samples and moth wings from each branch. I then 

tested for variation in isotopic ratios for carbon (13C), oxygen (18O), and nitrogen (15N) 

foliage among sites. Using the wing material of the moths I asked whether 𝛿13C, 𝛿18O and 

𝛿15N isotope ratios were correlated between foliage and moth to determine if there is any 

relationship across sites. 

 

AUTHOR CONTRIBUTIONS: 

Dr. Rob Johns and I conceptualized Chapter 2. I wrote the manuscript, designed the 

methodology, collected and analyzed the data with assistance from Dr. Stephen B. Heard 
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and Dr. Rob Johns. The original idea of Chapter 3 was conceived by Dr. Brian Hayden and 

Dr. Rob Johns. I wrote the manuscript, designed the methodology, collected and analyzed 

the data with assistance from Dr. Brian Hayden, Dr. Stephen B. Heard and Dr. Rob Johns. 
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CHAPTER 2 - HAVING IT ALL: HYBRIDIZING CONVENTIONAL 

AND COMMUNITY SCIENCE MONITORING FOR ENHANCED 

DATA QUALITY AND COST SAVINGS 

 

EMILY OWENS1, STEPHEN B. HEARD1, ROB C. JOHNS1,2 

 

1Department of Biology, University of New Brunswick, PO Box 4400, Fredericton, New 

Brunswick, E3B 5A3 

2Natural Resources Canada, Canadian Forest Service - Atlantic Forestry Centre, PO Box 

4000 Fredericton, New Brunswick, Canada, E3B 5P7 

 

INTRODUCTION 

Large-scale population monitoring informs decision-making underpinning the 

management of many ecologically and economically important organisms (McDonald et 

al. 2007; Tobin et al.  2011; Counihan et al. 2018; Briem et al. 2018). Most population 

monitoring – what I refer to as 'conventional monitoring' – is overseen exclusively by paid 

professional staff from governmental or non-profit agencies that are trained in best 

practices for identifying and monitoring target species. Although conventional monitoring 

is designed to provide consistent data collection protocols, its execution can be expensive 

and logistically complex. This is especially true for populations that span large geographic 

areas, such as for many insect pests in forestry and agriculture (Osborne et al. 2002). These 

challenges can place significant constraints on the range, frequency, and sustainability of 
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conventional monitoring efforts. 

In recent decades there have been efforts to use citizen science (aka community 

science) to enhance population monitoring through recruiting volunteers as data collectors 

in their own communities while scientists continue to design the monitoring program’s 

research questions and methodology (Dickinson et al. 2012). Although community science 

has been used for centuries, its increased popularity is attributed to technological 

enhancements, emphasis on public engagement, increasing the general public’s knowledge 

and the need for transparency on contentious scientific issues and studies (Cooper 2016). 

Community science has several advantages over conventional monitoring. For example, 

recruiting volunteers largely removes the need for staff travel, thus reducing expenses 

associated with wages and travel. Community science also offers ancillary benefits for 

public engagement, potentially enhancing public knowledge and awareness of critical or 

contentious scientific issues (Dickinson et al. 2010; Conrad and Hilchey 2011; Pocock et 

al. 2018; Johns et al. 2019). On the other hand, volunteer-collected data may be of lower 

quality than that collected by professional staff, especially when specialized skills are 

required (e.g., species identification, Crall et al.  2011). Moreover, volunteer-collected data 

may be more concentrated in urban rather than rural areas, potentially creating an 

inaccurate picture of regional population trends (Goldstein et al. 2014). Although 

numerous studies and reviews discuss the benefits and shortcomings of community 

science (e.g., Conrad and Hilchey 2011; Dickinson 2012; Cooper 2016) and conventional 

monitoring (e.g., Witmer 2005; Marsh and Trenham 2007), few studies have compared 

contemporaneous and overlapping monitoring programs to quantify the trade-offs between 

these approaches (but see Goldstein et al. 2014). 
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Here, I discuss a case study comparing contemporaneous conventional and 

community science programs for monitoring spruce budworm (Choristoneura 

fumiferanae Clemens, Lepidoptera: Tortricidae), a major defoliating insect pest of balsam 

fir (Abies balsamea) and spruce (Picea spp.). In New Brunswick, Canada, where this study 

focused, ongoing management operations for spruce budworm (Johns et al. 2019; 

MacLean et al. 2019) derive data from two large-scale moth monitoring programs 

involving baited pheromone traps, one conventional and one community science (Figure 

1). Since 1995, a conventional monitoring program run by the provincial government has 

deployed pheromone traps to approximately 100 sites over New Brunswick’s 7.3 million 

ha (approx. 85% of which is forest) (Nadeau et al. 2007). In late spring, professional staff 

drive to these sites where they set up three pheromone traps per site. In late summer, which 

is around the end of the moth flight period, staff retrieved the traps. This approach provides 

a single estimate of total moth abundance per trapping site each year. The community 

science program, known as Budworm Tracker, has been running contemporaneously in 

the same area since 2015 (Carleton et al. 2020). Budworm Tracker mails free spruce 

budworm monitoring kits to 118 volunteers to set up on their properties (e.g., back yard, 

woodlot, or cottage) (Figure 1). These kits include detailed instructions for trap setup and 

monitoring, a pheromone trap, a pheromone lure, moth collection tools, storage bags, and 

data sheets. One of the advantages of Budworm Tracker is that volunteers check their traps 

and collect captured moths 1-3 times per week, and at the end of the summer return their 

collections to the program manager in a pre-paid shipping envelope. Having multiple moth 

counts over the season provides useful data for answering biological questions about 

regional moth dispersal phenology and population genetics (Larroque et al. 2019). If 
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volunteers opt to remain in the program, they keep their traps and receive a smaller refill 

kit with a new pheromone lure and collection supplies the following year, at a reduced cost 

for the program (Carleton et al. 2020).  

The co-occurrence of a conventional and community science program for 

monitoring spruce budworm provided me with a unique opportunity to quantitatively 

compare three key features of these two approaches. First, I compared the geospatial 

distribution of sites to better understand differences in regional trapping coverage between 

the two programs. Second, I compared the annual trap catch abundance trends from each 

program to assess potential spatial biases associated with the tendency of Budworm 

Tracker volunteers to participate near urban areas vs. the conventional monitoring 

program's more uniform trapping array. Third, I compared the financial costs of each 

program in terms of materials, assembly, distribution (delivery, retrieval and staffing 

costs), and processing of the trap catches (Figure 1). In my calculations I took into account 

different potential trap-checking frequencies (e.g., from once per year to multiple times 

per week). Finally, I used insights from these analyses to develop and evaluate a potential 

hybrid monitoring program involving a mix of conventional and Budworm Tracker 

monitoring sites. In doing so I hoped to emphasize how these disparate approaches to 

monitoring need not be framed as mutually exclusive but rather could be complementary 

components in a more comprehensive monitoring program. While this study is specific to 

spruce budworm monitoring, it provides insights that could be used to improve monitoring 

programs for many other plant and animal populations.  

MATERIALS AND METHODS 

Data sources 
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I used data on trap locations, annual trap catch abundance and program costs from 

the managers of each program. Data for the conventional approach were provided by the 

Province of New Brunswick’s Department of Energy and Resource Development (E. 

Knopf, pers. comm.), whereas data for Budworm Tracker were maintained as part of the 

program’s funding requirement (Carleton et al. 2020). Since program costs were consistent 

across years, for simplicity I only used a subset of two years (2016 and 2017) for this study.  

Geospatial Distribution 

To assess the 2016 and 2017 geospatial distribution of monitoring sites between the 

two programs I partitioned the study area into a uniform hexagonal lattice using the “sf” R 

package (Pebesma 2018) in R version 3.6.3 (R Development Core Team 2019). I used a 

hexagonal lattice because it is symmetrical to its nearest neighboring cells, reduces edge 

effect and demonstrates site connectivity (Birch et al. 2007). Although the partitioning of 

cell sizes within a lattice can be based on numerous criteria depending on the research 

design, for the purpose of this study the hexagonal cell size is based on the maximum 

distance between conventional monitoring sites. By partitioning the study area into uniform 

hexagonal cells, each cell will have equal center-to-center distances to its neighboring cells 

(Goldblat et al. 2018). This partitioning will highlight the spatial configuration and 

geospatial distribution of monitoring sites of each program. For the conventional program, 

with three traps 40 m apart at each site, I used the coordinates of the first trap set up to 

represent that site location.  

 

Trap Catch Abundance 
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I assessed whether trap catches were correlated, across sites but within years, 

between the conventional and Budworm Tracker programs. I calculated the correlation 

using Pearson’s r, calculated using the ‘rcorr’ function in the Hmisc R package (Harrell 

2015) in R version 3.6.3 (R Development Core Team 2019).  For the conventional program 

where three traps were set up per site, I used the trap catch average. If a trap was lost, I 

used the average of the remaining two traps. 

Financial Costs 

To compare the costs of the two programs, I itemized and calculated all annual 

expenses based on 2016 and 2017 Canadian market prices including shipping expenses and 

the average hourly wage of an entry level forestry technician working for the provincial 

government (Table 1). Expenses featured in Table 1 were used to calculate total costs (C) 

for each monitoring program using the formula:   

C = n([M+A+P] + v[D+S]) 

where variables reflect costs per site associated with materials (M), assembly (A), 

processing (P), distribution (D), set up (S), number of trapping sites (n) and number of 

visits to those sites (v). Materials (M) and processing (P) are very similar for the two 

programs, but assembly (A) is different. Assembly for the conventional program simply 

consists of retrieving 100 pheromone traps, lures, and kill strips from storage then loading 

them into a field truck, which is a short task that would only take a staff member 

approximately 1 min per site or 1 hour and 40 minutes to assemble all 100.  However, 

assembly for the Budworm Tracker Program is more complex and includes constructing a 

box, printing off all instructions and data sheets, labeling and placing all materials needed 

to monitor in the box, and sealing the box to be picked up by the courier. Assembling the 
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traps for a Budworm Tracker site would take a staff member approximately 3 minutes per 

site. Distribution (D) costs were calculated using the “Your Places” feature in Google 

Maps’ to create a layer where I designed distribution routes throughout the province using 

the most logical and efficient routes that provided uniform distribution of sites. This 

application was used to design optimized routes because it calculates drive time based on 

different speed limits for paved and forestry road and tallies up total km driven based on 

the number of sites set up. This application allowed me to theoretically maximize the 

number of sites set up on each route based on the road conditions (e.g., a high-speed paved 

road vs. slow-speed forestry road), time spent driving, and distance between sites. 

Although this application doesn’t guarantee optimized routes and maximum numbers of 

sites that could be set up, it uses a realistic procedure for planning trap distribution and 

estimates the same amount of time and kilometers required to set up 100 monitoring sites 

as the conventional program managers. To assess monitoring scenarios where more than 

one trap check per season was desired, D and S would be multiplied by v to reflect the 

costs of multiple site visits. Note that this only applies to the conventional program (v > 1) 

since in Budworm Tracker the volunteers conduct all trap checks at no additional expense 

to the program (i.e., v = 1).  

I did not include loss of data as a variable in the formula because at the time of 

writing this chapter, the data was not available. It is important to note that non-compliance 

from community science volunteers or loss of traps (i.e., trap losses caused by bears or 

extreme weather conditions) in the conventional program will results in lost data and affect 

the cost per site. If this data is available for a monitoring program, it could be included in 

the formula. 



 

 

 

17 

 

 Although I used the standard (n) of 100 trapping sites set up in New Brunswick in 

my main calculations, I also wanted to examine how total costs might change if more or 

fewer sites were set up. For Budworm Tracker this calculation was straightforward as 

adding sites leads to a simple linear increase in all costs. In contrast, I predicted that the 

relationship for the conventional program is likely to be non-linear owing to diminishing 

marginal costs of distribution and set up (D+S) with an increasing number of sites. More 

specifically, in the current conventional program, the 100 trapping sites are spread across 

the province. Thus, adding traps to the network would essentially entail filling spaces 

between current sites. Adding new sites is not likely to significantly increase D and S since 

the new sites would be set up nearby or on the way to other sites. I tested this scenario by 

using the same methods used to calculate the costs of distribution and set up for 100 sites 

using Google Maps to create distribution routes for 25, 50, 75, 100 and 150 sites and then 

incorporating these new values into the model. I fit these costs vs. number of sites to the 

non-linear function y = a – (a – b) (-cx) using the “nls” R package (Baty et al. 2015) in R 

version 3.6.3 (R Development Core Team 2019). 

Hybrid Scenarios 

I developed a hybrid scenario for 100 trapping sites where the ratio of conventional 

to Budworm Tracker sites was 40:60. This ratio was based on the conclusions from the 

Geospatial Distribution results (described below) where Budworm Tracker was used to 

cover the majority of sites (60%) with conventional sites being used to fill in the gaps of 

the remaining sites (40%) where no volunteers could be found. In essence, this hybrid 

scenario was designed to provide relatively even trapping coverage across the province 
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while obtaining some phenological data and maximizing the use of the less expensive 

Budworm Tracker approach. I calculated the costs of this hybrid scenario, using my 

formula for each program based on the number of sites allocated to each, and then added 

these values together.  

 

RESULTS  

Geospatial Distribution 

 The analyses show the maximum distance between conventional sites was 35 km. 

The trapping area was partitioned into 35 km hex-cells with a radius of 17.5 km (106 

thousand ha). On average between 2016 and 2017, the 118 community science monitoring 

sites covered 58% of the monitoring area, the majority of which (> 65%) are within town 

and city limits. The 100 sites of the conventional monitoring program cover on average 

84% of the monitoring area, including both urban areas and isolated or non-inhabited rural 

areas. The two programs combined provide 92% coverage of the entire monitoring area 

(Figure 2). Only 4% of the hex-cells contained no conventional or community science sites 

(i.e., were inaccessible, or traps were lost due to mischievous wildlife or inclement 

weather).  

Trap catch abundance     

The conventional monitoring program’s annual trap catch abundances were 

significantly (P < 0.05) and positively correlated with those from Budworm Tracker in 

2016 (r = 0.65) and 2017 (r = 0.58) (Figure 3).  

Financial costs  
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For a single season estimate of annual moth abundance, costs per trapping site were 

~4x higher in conventional monitoring ($251.30) compared with Budworm Tracker 

($61.56), due primarily to the relatively high cost of distributing and setting up traps by 

professional staff (Table 1). 

Increasing the frequency of site visits for additional trap checks added no extra cost 

to Budworm Tracker; however, additional site visits for the conventional program 

increased costs by 33% (~$85) per visit. This disparity increased dramatically with every 

hypothetical increase in check frequency for the conventional program. For example, 

increasing trap check frequency to 2 times per week in the conventional program over the 

typical 9-week trapping period amplified total costs by more than 6 times per site compared 

to Budworm Tracker (Table 2).    

The distribution costs of Budworm Tracker increased linearly with increasing site 

abundance (Figure 4). In contrast, the distribution cost of conventional monitoring 

increased non-linearly with site abundance, with a tendency to reach a plateau beyond ~100 

sites (Figure 4). Distribution costs are a major component (60-77%) of total costs for 

conventional monitoring.  

A hybrid program that provides full regional coverage with 60% Budworm Tracker 

and 40% conventional trapping sites was ~45% less expensive than the conventional 

approach, but ~55% more expensive than Budworm Tracker (Figure 5).  

DISCUSSION 

Ongoing spruce budworm monitoring efforts offered a unique opportunity to make 

direct quantitative comparisons between contemporaneous conventional and community 

science programs and to illustrate the key benefits and challenges inherent to each 
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approach. The programs yielded similar moth abundance estimates per trap, but Budworm 

Tracker offered ~40% less coverage than the conventional program, owing in part to the 

typically clumped distribution of Budworm Tracker volunteers near urban areas.  In all 

monitoring scenarios Budworm Tracker was substantially less expensive to deploy than 

the conventional program. Even in the simplest scenario where traps were only checked at 

the end of the season – which is typical for most pheromone trap monitoring efforts for 

spruce budworm – the cost of Budworm Tracker was ~75% lower than the conventional 

program. This study is one of the first to quantitatively demonstrate some of the key 

financial and data quality tradeoffs between these two monitoring approaches, 

demonstrating many of the core costs and benefits that have been attributed to community 

science in the past (e.g., Dickinson 2012). These two monitoring approaches need not be 

mutually exclusive and future efforts to develop hybridized programs could be an effective 

way of garnering the benefits of each program while also offsetting their respective 

shortcomings. 

 The debate on the efficacy, effort, and expenses of community science program is 

ongoing (Chase and Levine 2015; West and Pateman 2016; Bela et al. 2016). Two past 

studies calculated the costs of running community science programs, including Project 

FeederWatch (Dickinson 2010) and the Marine Conservation Society (Nelms et al. 2017). 

However, these studies did not specifically assess the trade-offs for their community 

science program compared to conventional programs. In the study that was most 

comparable to my own, Goldstein et al. (2014) considered community sighting reports vs. 

conventional hair-trap monitoring for invasive grey squirrels (Sciurus carolinensis) in 

Ireland. In contrast to my results, Goldstein et al. (2014) found that the community 
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approach was actually more expensive, but that it repaid that investment through greatly 

increased power to detect the study species at low density. However, in their study the 

conventional method used relatively few trapping sites (i.e., 4 over 4.2 km2 compared to 

the 15,116 km2 of the community science method). Most likely, a larger hair trapping 

program covering a similar area to the community science program would be more 

expensive than the community science approach. The authors concluded that community 

science was adequate in detecting their target species, but monitoring sites were clumped 

near urban areas thus potentially limiting detection capacity in outlying rural areas 

(Goldstein et al. 2014). Budworm Tracker volunteers also tended to live around cities and 

towns, resulting in clumping of sites, although due to the large number of volunteers 

recruited this had little impact on overall trap catches compared with conventional 

monitoring sites. Such biases can be a challenge in community science in general (Geldman 

et al. 2016), reducing the uniformity of sampling coverage over large geographical areas. 

To offset this overrepresentation in urban areas, some efforts have been made recently in 

Budworm Tracker to increase engagement with groups that work in these less-inhabited 

areas, such as forestry companies, hunting and fishing outfitters, and provincial and 

national parks (Carleton et al. 2020).  

 An interesting insight from my analyses was the observation that cost-per-

additional-trap beyond a certain point in the conventional program tended to moderate 

because distribution costs declined as site density increased along existing distribution 

routes. This differs from Budworm Tracker, which increased in costs linearly with 

increasing sites, albeit at a much slower rate than the conventional program. These 

differences in costing relationships essentially reflected the differing modes of distributing 
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traps. In the conventional program, once monitoring sites have been expanded to cover the 

full extent of the monitoring area (i.e., 100 trapping sites), the cost-per-trap of adding 

trapping sites along that trapping network tended to plateau. The beginning of the plateau 

reflects the point at which no noteworthy distribution costs (e.g., vehicle expenses and km) 

are added in the process of adding traps, all of which will be placed in the spaces between 

the main trapping network. Only staffing costs (e.g., wages, meal allowance and 

accommodation) are likely to continue to increase owing to the added handling time for 

trap set up.  It is worth noting that although increasing sites beyond the typical 100 sites 

may not incur dramatically higher costs, from a practical standpoint there is a saturation 

point of both quantity of sites and resources available in terms of staffing, vehicles, and 

time. A conventional program manager might prefer to have more trapping sites but may 

not be willing to add that investment given other priorities (such as having other pests to 

monitor). Increasing trap check frequency may also be deemed impractical unless there is 

some management context for having more fine scale phenological data on moth activity 

(i.e., for determining the timing of control treatments or other monitoring efforts, e.g., 

Cross et al. 2009).  

Costs for a conventional program increased steeply with each additional day of 

trap-checking during the flight period (i.e., $85 per check, per site). Although for spruce 

budworm these repeated trap-check data are not essential for most management monitoring 

operations (Johns et al. 2019), they are often useful for ecological studies on moth flight 

phenology and regional dispersal (Carleton et al. 2020). If more frequent trap checks are 

desired, community science may be a more feasible approach to acquire these data.  
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Although conventional monitoring programs will likely remain a priority for 

government and non-profit agencies because they are mandated policy deliverables, 

community science may be a logical complement to decrease monitoring efforts and 

expenses. As a side benefit, they are also likely to increase public engagement and 

knowledgeability (Dickinson 2012; Lewandowski and Oberhauser 2015). My study 

suggests that a hybrid model combining community science with conventional monitoring 

could be an effective avenue for achieving the benefits of both monitoring approaches. A 

hybrid program would reduce the costs of a conventional monitoring program while still 

providing a fairly uniform trap distribution by expanding coverage to include rural areas 

and isolated forests. A hybrid program could “check all the boxes” in terms of cost savings, 

public outreach, uniform trap distribution, and both annual abundances and phenological 

data for managers. The calculations for the hybrid scenario suggest that incorporating 

community science could reduce annual costs by as much as 50% even if only a single 

annual estimate is desired. The addition of community science comes at a modest cost, 

even if conventional monitoring is preferred, and could be useful to augment trapping 

throughout a region, while also increasing public awareness of the target species. My study 

provides a potential framework for comparing potential monitoring approaches in other 

systems, as well as a basis for considering how multiple approaches might be integrated 

into a more hybridized approach. 

Although this study focuses on spruce budworm, insights and evaluation methods 

used here are highly relevant to other monitoring programs and systems. The basic 

categories used in my formula for calculating financial costs (Figure 1) are more or less 

standard parts of most monitoring programs. As such, my formula and general approach to 
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evaluating the relative costs of these approaches could be adapted for developing and 

debating how to approach monitoring challenges for other wildlife, especially where 

conventional and community science approaches are available. In general, the lack of 

examples of these sorts of analyses in the scientific literature suggests that more work could 

be done to evaluate the merits and shortcomings of different monitoring approaches to 

determine, or how to potentially blend them to yield a higher quality of data at a lower cost.  

Despite the groundswell of community science programs in recent decades, there 

are still many gaps in our understanding of its efficacy and cost-effectiveness relative to 

other approaches. Such analyses are essential for future efforts to build more efficient and 

effective monitoring programs. My study suggests that some level of hybridization might 

provide a valuable approach to capitalizing on the benefits of both community science and 

conventional monitoring programs while offsetting each of their inherent disadvantages. 

In particular, this study provides some scenarios for how one might balance these trade-

offs to better achieve desired monitoring outcomes. Efficient and effective monitoring 

approaches will become all the more important in the future as costs and the need for public 

engagement around science issues continue to rise. 
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Table 1. Itemized costs of conventional vs. Budworm Tracker based on CAD$. For 

simplicity, where there were small discrepancies in the costs between the two programs 

(e.g., due to the use of different distributors) I used the average cost between programs. 

    Cost per site ($ CAD) 
Costs Itemized costs Conventional Budworm Tracker 
Materials (M) Pheromone lure*  9.99 3.33 

Kill strip*  8.31 2.77 
Trap*  59.22 19.74 
Stickers . 2.37 
Shipping box and envelope . 1.30 
Sample and freezer bags . 0.12 
Pencil . 0.08 
Vinyl gloves . 0.07 
Total 77.52 29.78 

Assembly (A) Wages** for organizing materials  0.30 3.00 
Total 0.30 3.00 

Distribution (D) Shipping mail service  . 22.76 
Fixed vehicle charges  0.90 . 
Vehicle usage charge  18.93 . 
Total fuel  20.28 . 
Total 40.11 22.76 

Setup (S) Meal allowance  15.37 . 
Accommodations  20.80 . 
Wages** for site visits  93.60 . 
Total 129.77 0.00 

Processing (P) Site processing cost*** 3.60 6.00 
Total 3.60 6.00 

*cost of materials for 3 traps per site 
**the average hourly wage ($18/hr.) of an entry forestry technician based on the Government of New 
Brunswick’s technical pay bands  
***consists of identifying, counting, and storing the trap catches and traps at the end of each trapping 
season (i.e., one check for the conventional and multiple for Budworm Tracker) 
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Table 2. Cost of different trap-checking frequencies between the two monitoring 

approaches. 

   
  Cost per site ($ CAD) 
Trap-check frequency Conventional Budworm Tracker 
      
One collection 251.3 61.54 
Once per week 764.46 61.54 
Twice per week 1528.92 61.54 
Thrice per week 2293.38 61.54 
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Figure 1. Summary of the main costing components of the conventional vs. Budworm 

Tracker approaches for monitoring spruce budworm moths via sex pheromone traps. 

Materials (M), assembly (A) and processing (P) costs and protocols are essentially the same 

for the two programs. However, distribution (D) and setup (S) costs for deploying traps in 

the conventional program involves travel and professional staff, whereas Budworm 

Tracker relies on mail and volunteers.   
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Figure 2. Geospatial distribution of the conventional monitoring (a, b) and Budworm 

Tracker sites (c, d) in 2016 and 2017. Shaded areas represent cells where at least on trap 

was present, whereas blank cells are areas with no traps. 
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Figure 3. Correlation between spruce budworm moth abundance from conventional 

monitoring vs. Budworm Tracker traps in a) 2016 (r = 0.65, p value <0.05) and b) 2017 (r 

= 0.58, p value <0.05). 
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Figure 4. Cost of distribution for each program depending on number of sites to be 

sampled. 
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Figure 5. Costs for conventional monitoring, Budworm Tracker, and a hybrid approach of 

the two for 100 sites and a single annual trap-check. The Hybrid scenario assumes 60 

Budworm Tracker and 40 conventional monitoring sites. 
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INTRODUCTION 

Understanding the range and frequency of animal dispersal is fundamental to 

understanding and managing wildlife populations. There have been many technological 

advances in tools for tracking animal dispersal, including radio collars, geolocators, GPS 

tags, radar, mark-recapture and telemetry (Quinby et al. 2020). Although such tools have 

enhanced our ability to track vertebrates, many are not practical or applicable for 

monitoring invertebrates owing to their small body size (Hobson 2019). Other techniques 

less dependent on large body size include genetic markers (Larroque et al. 2019) and stable 

isotopes (Hallworth et al. 2018; Anparasan et al. 2020); however, these too have 
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predominantly been applied to vertebrates (but see James et al. 2014 and Quinby et al. 

2020, respectively). There have been efforts in recent decades to develop these tools to 

determine the origin and movement patterns for invertebrates with smaller body sizes. 

Stable isotopes are elements with unique atomic masses that do not undergo 

radioactive decay, making them ideal for ecological studies over space and time. Stable 

isotopes of any given element possess the same number of protons, but different numbers 

of neutrons (Quinby et al. 2020). For many elements, stable isotopes are distributed across 

the landscape and in the atmosphere forming an isoscape, which is a map of isotope 

distribution, that may offer information about animal movement (West 2010). Depending 

on which isotope is being used, isotopic distribution can vary spatially based on geographic 

variables such as latitude, longitude and altitude (Sena-Souza et al. 2019). For instance, 

oxygen isotopic variation and distribution in the tissues of migratory birds is largely 

dependent on latitude and meteorological precipitation in the area they’ve been inhabiting 

throughout their migratory movements (Wommack et al. 2020). When animals take up 

isotopes in one area of an isoscape and then move to another, they carry isotopic markers 

in their tissues that reflect their origin. These markers can be identified via stable isotope 

analysis, which helps researchers trace their movement (Hobson and Wassenaar 2018).  

Stable isotope analysis of the animal tissues collected across isoscapes has proven 

effective for identifying the origin of several migratory species, including the well 

documented long-range dispersal pattern of the monarch butterfly (Danaus plexippus) 

(Zander et al. 2018). Monarchs migrate up to 7500 km over a range spanning 740 million 

ha across isoscapes that differ dramatically in their isotopic profiles. However, long-

distance migrations like those of monarchs are somewhat exceptional among insects. 
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Shorter-range migrations and local dispersal events are more common but may represent a 

more challenging problem for isotopic tracking because it is difficult to detect variation in 

isotopes across smaller areas. It remains unclear whether insects that disperse on shorter 

scales can be tracked based on the local isoscape, or what isotopes might be best suited to 

tracking (Trueman ey al. 2012).   

I explored the potential use of stable isotopes for assessing the dispersal range of 

spruce budworm, Choristoneura fumiferana Clem. (Lepidoptera: Tortricidae), a major 

defoliating insect pest of balsam fir (Abies balsamea) and spruce (Picea spp.). Under 

favorable weather conditions, mass-exodus flights of spruce budworm can disperse 

millions of moths throughout neighboring areas within ~450 kilometers depending on wind 

speed and direction (Boulanger 2017). Although local dispersal occurs continually 

throughout the adult flight period, on average, mass-exodus flights only occur every few 

years (Greenback 1980 and Carleton et al. 2019). These dispersal events help moths move 

to more suitable habitats in which to mate or lay eggs, increasing their offspring’s chance 

of survival. Although there is some debate in the literature, moth dispersal is thought to 

contribute to the rise and spread of budworm outbreaks (Dingle and Drake 2007; 

Pureswaran et al. 2016; Régnière and Nealis 2019).  

This study focused on oxygen (𝛿18O), carbon (𝛿13C) and nitrogen (𝛿15N) stable 

isotopes. Although other isotopes may be good candidates for detecting an isoscape within 

my study area (i.e., strontium), due to limited available material for analysis I opted to run 

stable isotope analysis for the isotopes that the nearest isotope lab had the capacity to 

analyze. First, I asked if these stable isotopes varied between sites that ranged several 

hundred kilometers apart in eastern Canada to determine if there was a detectable isoscape. 
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Second, I explored the potential for using these three stable isotopes to differentiate 

between spruce budworm larvae that have fed on balsam fir foliage across those isoscapes 

by testing if the budworm uptake enough of these isotopic signatures across and between 

sites to detect via stable isotope analysis. I predict that there will be variation between sites 

and a significant relationship between foliage and moth wings for all three isotopes. 

MATERIALS AND METHODS 

Site Setup and Sample Collection 

I selected four sites in mixedwood stands, which are characterized by varying 

anounts of hardwood and softwood trees, spanning ~500 km from north to south and east 

to west but within the approximate eastern, southern, western and northern range limits of 

previous spruce budworm outbreaks in eastern Canada (Figure 6). At the eastern (Cape 

Breton), southern (Yarmouth), and western (Montmagny) sites where spruce budworm 

populations are at trace levels, I placed 20 second-instar overwintering larvae that were 

obtained from the Insect Production and Quarantine Lab at the Great Lakes Forestry Centre 

in Sault St Marie, ON (colony code: Glfc:IPQL:Cfum) on branches that were enclosed with 

sleeve-caged branch. At each site before bud burst, I selected 3 balsam fir trees of similar 

diameter at breast height (~20 cm) that appeared to have no other pest damage, and 

separately enclosed 45 cm sections of 3 mid-crown branches of each tree with fine-mesh 

cloth sleeve cages.  Sleeve cages guaranteed that larvae only fed on the foliage from their 

host tree, ensured the larvae remain on the branch, protected against predators and 

prevented immigrant moths from landing on the branches. At the northern (Baie Comeau) 

site, where there was an ongoing budworm outbreak, trees were severely infested with local 

budworm making it difficult to find balsam fir trees with trace levels of spruce budworm. 
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Here, without adding any larvae, I sleeve caged the branches before spring emergence to 

trap the local overwintering second-instar larvae on the branch. This ensures the 

overwintering hibernating larvae do not disperse between trees after spring emergence and 

no immigrating moths can land on the branches, which would interfere with the data.  

I returned to the sites at the end of pupation to cut the branches and transport them 

to the lab. I took samples of the current-year foliage and retrieved the wings of the adult 

moths from the sleeve cages, then stored them in a -18° C freezer until analyzed. 

Sample Preparation and Stable Isotope Analysis 

Foliage and wing samples from each site were rinsed in a chloroform : methanol 

solution (2:1) then air-dried at 60° C for 48 hours. All foliage samples for each individual 

site were homogenized together using scissors and a mortar in preparation for stable isotope 

analysis. The same protocol was followed for all moth wing samples. Homogenized 

samples for 18O stable isotope analysis for both wing material and foliage were weighed to 

0.2 - 0.3 mg then placed into 3x5 mm silver capsules for transfer to the stable isotope lab. 

As it requires more material for analysis, homogenized samples for 13C and 15N stable 

isotope analysis for wing material and foliage were weighed to 1.0 - 1.2 mg and 3.0 - 3.2 

mg, respectively, then placed into larger 5x9 mm silver capsules for transfer to the isotope 

lab.   

I only homogenized foliage samples from branches that could be paired with > 1.0 

mg of wing material from budworm moths that fed on that specific branch’s foliage. I did 

this because I did not collect foliage from branches that had no moths survive on the 

branches. Following stable isotope analysis, the foliage data were compared to the 
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associated moth wing isotopes to determine if I can trace a relationship between the foliar 

isotopic markers in the moth tissues after they have fed on the branch’s foliage.  

Capsules were analyzed with a continuous flow isotope ratio mass spectrometer at 

the Stable Isotope in Nature Lab (Fredericton, New Brunswick, Canada). The isotope 

composition of 18O, 13C and 15N is expressed in the conventional delta deviation from the 

standard: 𝛿xx n = (Rsample – Rstandard)/ Rstandard, where “n” is the element, “xx” represents the 

heaviest isotope in the element and “R” is the ratio. Isotope ratios were reported in parts 

per thousand (‰) deviation from the standard. Rsampled and Rstandard are the corresponding 

ratio from the samples to the Pee Dee Belemnite and atmospheric nitrogen international 

standards.  

Statistical Analysis 

Isoscapes 

I tested for variation in isotopic ratios of foliage among sites for 18O, 13C and 15N 

to determine if there was any detectable isoscape. For oxygen foliage samples where I only 

had 1 sample per site and could not run an analysis of variance (ANOVA), I asked whether 

18O isotope ratios were correlated between foliage and latitude to determine if there is any 

relationship across sites. Latitude highly influences differences in oxygen ratios and is a 

good proxy for assessing a potential isoscape across sites (Sena-Souez et al. 2019, 

Wommack et al. 2020). I calculated the correlation between oxygen ratios and latitude 

using Pearson’s r using the ‘rcorr’ function in the Hmisc R package (Harrell 2015) in R 

version 3.6.3 (R Development Core Team, 2019). I did not test for nonlinearity due to my 

lack of data points. For carbon and nitrogen foliage samples where I had > 1 sample per 

site, I ran an ANOVA for comparisons between 𝛿13C	and	𝛿15N foliage values across and 
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between sites, followed by Tukey’s HSD, using the ‘aov’ and ‘TukeyHSD’ functions, 

respectively, in R version 3.6.3 (R Development Core Team, 2019).  

 

Moths vs. Foliage 

Using the total averages of branches from each site that had > 1.0 mg of wing 

material, I asked whether 𝛿18O,	 𝛿13C and 𝛿15N isotope ratios were correlated between 

foliage and moths to determine if there is any relationship across sites. I calculated 

correlations using Pearson’s r using the ‘rcorr’ function in the Hmisc R package (Harrell 

2015) in R version 3.6.3 (R Development Core Team, 2019). I did not test for nonlinearity 

due to my lack of data points. 

RESULTS 

Mortality  

The budworm larvae in this preliminary experiment experienced abnormally high 

mortality (i.e., 97%) leaving me with only 1-2 data points per site to analyze. Of the 180 

larvae placed on branches, 3% survived at each site leaving me with only 4-6 moths to 

analyze. However, it took 4-6 moth wings to get a minimum mass requirement of 1 mg of 

wing material to run stable isotope analysis for 13C and 15N and 0.2 mg for 18O. 

Consequently, I was unable to run multiple samples for stable isotope analysis.  

Isotope Ranges 

Foliage samples across the 4 sites had 𝛿18O isotopic values ranging from 21.72 to 

26.04‰ (n = 5), 𝛿13C values ranging from -31.37‰ to -27.13‰ (n = 11), and 𝛿15N values 

ranging from -8.74‰ to -3.03‰ (n = 11).  Wings from moths that fed on the foliage across 

the 4 sites had	𝛿18O isotopic values ranging from 17.80‰ to 20.09‰ (n = 4), 𝛿13C values 
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ranging from -28.82‰ to -25.6‰ (n = 4) and 𝛿15N ranging from -2.34‰ to 1.88‰ (n = 4). 

These data are summarized in Appendix 1. 

Isoscapes 

There was no significant relationship between 𝛿18O foliage isotopic ratios and 

latitude (P = 0.43, r = 0.57) (Figure 7). There was significant variation across sites for 𝛿13C 

(ANOVA, F 3,4 = 19.63, p = 0.01) (Figure 8). A Tukey’s post hoc comparison revealed 

significant differences in 𝛿13C between Cape Breton and Baie Comeau (p = 0.01), Cape 

Breton and Yarmouth (p = 0.01) and Cape Breton and Montmagny (p = 0.02). There was 

also significant variation across sites for 𝛿15N (ANOVA, F 3,4 = 9.54, df = 3, p = 0.03). A 

Tukey’s post hoc comparison only revealed a significant difference in 𝛿15N between Cape 

Breton and Yarmouth (p = 0.03) (Figure 9). The difference between Baie Comeau and 

Yarmouth was nearly significant (p = 0.051).   

Moths vs. Foliage 

There was no significant relationship between spruce budworm moth wing and 

balsam fir foliage for 𝛿18O (P = 0.08, r = 0.9) (Figure 10), 𝛿13C (P = 0.32, r =0.67) (Figure 

11) or 𝛿15N (P = 0.46, r = -0.53) (Figure 12).  However, at the site level, sample size was 

very small, and the trend was towards a positive correlation for 18O and 13C (but not 15N). 

DISCUSSION 

 I observed differences in isotopic ranges in foliage among all 3 isotopes between 

sites indicating that there may be isoscapes between the 4 sites. I found significant 

geographic variation among sites for 2 of the 3 isotopes. I discovered there was no 

relationship between 𝛿18O foliage values and latitude, therefore it remains unclear if the 

sites fall within a definable oxygen isoscape and whether 18O may be a suitable isotope for 
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tracking spruce budworm moth movements. However, there was variation in 𝛿13C and 𝛿15N 

foliage isotopic values indicating there may be a detectable carbon and nitrogen isoscape 

between sites, which means these isotopes may be suitable candidates. I observed the 

expected trend across all 4 sites: moths, which must pick up the isotopic profile of their 

diet, showed similar patterns in isotopic profile to their host trees. Although trends were 

promising for 18O and 13C, I detected no statistically robust relationship between foliage 

and moth across sites for any isotope tested in this study.  

  The inability to detect an oxygen isoscape may reflect the low sample size (i.e., at 

the site level). With only one sample per site, I couldn’t estimate within-site variation and 

thus needed to use a spatial correlation rather than analysis of variance to look for pattern 

across the landscape. Furthermore, oxygen isotopes are known as not being very sensitive 

to geographic location and precipitation (West 2010), exacerbating the small sample size 

issue over the study area.  

 There was variation between sites for 𝛿13C but only the eastern site, Cape Breton, 

differed significantly from the other sites. The distribution of carbon varies latitudinally, 

which means it’s possible that the other three sites fall within the same range of 𝛿13C values 

but Cape Breton falls in a different range along the lines of latitude parallels (Körner et al. 

1991). Although further investigation will be required, it’s plausible that the more eastern 

range of sites may have different isotopic profiles than that of the more western sites (i.e., 

Yarmouth, Montmangy and Baie Comeau). This indicates that 𝛿13C isotopic ratios may be 

a valuable tool for differentiating foliage from east to west.     

  I see variation between sites for 𝛿15N but the only two sites to have significant 

differences were Cape Breton and Yarmouth. This may indicate that the nitrogen isoscape 
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runs in a northeastern to southwestern direction. However, I do not see significant 

differences between the Baie Comeau and Montmagny site. As a result, I know there was 

a nitrogen isoscape but I cannot fully characterize it in this preliminary study. Of the most 

common isotopes used to track dispersing animal’s movements, nitrogen is one of the most 

challenging isotopes to work with because it is extremely variable, sensitive to 

environmental changes and difficult to trace (Amundson et al. 2003; Hyodo 2015).  Many 

factors can play a role in adding noise to the data -the primary being any type of soil 

disturbances (i.e., erosion, fertilizer, pre-commercial thinning, vegetation management, 

harvesting etc.). However, nitrogen has been used to track animal movement so it can still 

be a valuable isotope for monitoring dispersal (Bukata and Kyser 2005; Knoepp et al. 

2015).  

 Although it was not significant, there was an apparent positive correlation in the 

relationship between foliage and moths across the 4 sites for 𝛿13C and 𝛿18O but no clear 

relationship for 𝛿15N. The sample size was very low therefore there was not much power 

in the statistical test but it is still valuable to observe the trend. This provides some 

promising evidence that budworm may be able to uptake enough 13C and 18O isotopic 

markers in their tissues for us to detect with stable isotope analysis. The 15N relationship 

between foliage and moth wings was not clear, and as mentioned above, this is likely due 

to nitrogen’s inherent natural environmental variability (Amundson et al. 2003).  

Based on my literature review this preliminary study is relatively novel in the 

potential application of using stable isotope analysis to track insect migration over such a 

short distance in a small geographical area where the isoscapes are not strongly delineated. 

However, Choi et al. (2020) explored comparable dispersal questions study using 18O and 
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2H isotope markers in Yellow-throated buntings (Emberiza elegans) tail feathers to track 

their short-distance dispersal. Although Choi et al. (2020) were able to track some 

differences across the 18O and 2H isoscapes the authors came to a similar conclusion and 

limitations as my study – it is difficult to define isoscapes over such small geographic areas 

and larger samples sized will be necessary to detect more subtle differences (Choi et al. 

2020). 

Several factors may explain the inability to detect significant differences in this 

study but the most likely is that the budworm larvae experienced abnormally high mortality 

(i.e., 97%) leaving me with only 1-2 data points per site to analyze. During the year of this 

study, high mortality rates were noted in both my study and natural budworm populations 

indicating high mortality across the region in general (pers comms John Ross, Drew 

Carleton, Alain Dupont).  Although random years of high mortality in spruce budworm 

populations have been recorded previously (Bouchard et al. 2018), and natural mortality of 

lab reared second-instar larvae is common in sleeve cage experiments, I could not 

anticipate that the budworm larvae would experience such high mortality rates the year I 

ran this study.  

As there is natural variability in isotopic ratios, it’s important to have replication to 

reduce the natural variation and noise of the data (Szpak et al. 2017; Sieradzki et al. 2020). 

It is difficult to interpret any statistical relationship with only one sample per site, thus 

leading to inconclusive results. As a result, these findings lacked enough replicates to detect 

a difference and highlight which isotopes may be the best candidates for delineating an 

isoscape and tracking spruce budworm moth migration.  
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Further studies with multiple replicates may help provide insights into the potential 

application of this tool and narrow down which isotopes are best suited to track insect that 

disperse shorter ranges. Based on these preliminary data and trends in the data, I believe 

this tool to track short-range dispersal is worth further investigation. I established that fir 

foliage shows variation in isotopes over this limited range, for 2 of 3 elements, and that the 

2 elements give somewhat complementary signals. This establishes the potential of 

isotopes for tracking budworm or other folivores over these kinds of ranges, although 

further work will be needed to fully characterize the isoscapes. In future years, I 

recommend researchers increase the number of samples in the study to provide sufficient 

data to determine if there is a relationship of 13C, 18O and 15N across sites.  
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Figure 6. Location of the Cape Breton (45.951, -60.019), Yarmouth, (43.885, -65.443), 

Montmagmy (46.871, -70.428) and Baie Comeau (49.443, -67.273) sites. 
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Figure 7. Relationship of foliage 𝛿18O values (‰) and latitude (P = 0.43, r = 0.57). 
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Figure 8. Variation of 𝛿13C foliage values (‰) between sites (ANOVA, F 3,4 = 19.63, p = 

0.01).  Significant differences in 𝛿13C between Cape Breton and Baie Comeau (p = 0.01), 

Cape Breton and Yarmouth (p = 0.01) and Cape Breton and Montmagny (p = 0.02). 
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Figure 9. Variation of 𝛿15N foliage values (‰) between sites (ANOVA, F 3,4 = 9.54, p = 

0.03). Significant difference in 𝛿15N between Cape Breton and Yarmouth (p = 0.03). 
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Figure 10. Relationship of spruce budworm wing 𝛿18O values (‰) and the balsam fir 

foliage (P = 0.08, r = 0.9) the budworm consumed during development. 
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Figure 11. Relationship of spruce budworm wing 𝛿13C values (‰) and the balsam fir 

foliage (P = 0.17, r = 0.83) the budworm consumed during development. 
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Figure 12. Relationship of spruce budworm wing 𝛿15N values (‰) and the balsam fir 

foliage (P = 0.46, r = -0.53) the budworm consumed during development. 
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CHAPTER 4 - GENERAL CONCLUSIONS 

 

EMILY OWENS 

  

Department of Biology, University of New Brunswick, PO Box 4400, Fredericton, New 

Brunswick, E3B 5A3 

 

 My thesis provides a quantitative assessment of the trade-offs between using a 

community science versus a conventional approach to monitor spruce budworm moths and 

suggests a hybridized alternative monitoring approach. My thesis also offers a preliminary 

study that assessed a potential tool for tracking the movements of budworm moths using 

stable isotope analysis.  I evaluated and improved tools for monitoring important insect 

pests that could help optimize spatial coverage, improve data quality, reduce financial costs 

and enhance data applications. My goal was to improve monitoring approaches to trap and 

collect samples to better understand dispersal patterns and test a tool that could be used to 

process those collected trap samples to track their origin and movement patterns. 

 Recent efforts to use community science for population monitoring has made it 

undeniably important to understand the benefits and shortcomings of this approach 

compared to others (Dickinson et al. 2012). The research in Chapter 2 adds to the scientific 

literature by highlighting the advantages and disadvantages of using community science as 

a strategy for data collection (Conrad and Hilchey 2011). I showed that the community 

science monitoring sites were clumped near town and city limits covering ~60% of the 

targeted monitoring area but lacked coverage in the remaining ~40% of the inhabited 
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isolated areas. This sort of clustering is relatively common in community science programs 

as the geospatial distributions of most volunteer-led monitoring sites are dependent on 

where people live (i.e., near cities, Goldstein et al. 2014). My geospatial analysis showed 

that areas lacking volunteers already had coverage by the conventional program. This 

meant that community scientists could cover 60% of the trapping area while the 

conventional program covered the remaining 40%.  

 The analysis showed that the community science traps and the conventional traps 

catch similar abundances of moths. This provided evidence that there was no bias between 

traps set up near cities in volunteer’s backyards compared to conventional traps set up in 

isolated uninhabited areas deep within the forest. As long as traps were distributed 

uniformly across the landscape, traps could either be setup and monitored by community 

science volunteers or by paid staff in the conventional program. 

 Consistent with past studies by Chase and Levine (2015), the financial cost analysis 

showed that community science can be less expensive than conventionally run programs. 

Volunteers setting up and monitoring the traps compared to paid staff incurred a 55% cost-

savings by reducing travel costs and eliminating salary expenses. To get periodic 

phenological data, multiple trap checks throughout the season added no extra cost for the 

volunteers, but increased costs by 33% for each additional check by paid staff. This adds 

to the literature that the largest expenses incurred by most monitoring programs are staffing 

and travel expenses (Tullock et al. 2013). 

Using the data I collected in my thesis for geospatial distribution of traps, trap catch 

abundances and financial costs of the two programs, I discovered that a hybrid 60:40 

program combining the community science and conventional monitoring program, 
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respectively, can optimize advantages while minimizing disadvantages. This demonstrates 

a case for why these two approaches for data collection do not need to be mutually 

exclusive but rather could be complementary components in a more comprehensive 

monitoring program.  

Although I do not focus on volunteer compliance in my thesis, there is an inherent 

risk of volunteers failing to check their traps or follow protocol. This should be taken into 

account when weighing cost savings potential against the risk of some volunteers failing 

to return data (Crall et al.  2011, Carleton et al. 2020). Although conventionally run 

monitoring programs are not immune from failure to check traps or data collection errors, 

it is more likely that there will be data gaps and errors in a community science program 

than a conventional monitoring program (Fitzpatrick et al. 2009; Dickinson et al. 2010). 

However, in the Budworm Tracker Program in particular, volunteer compliance has been 

extremely high (~75%) (Edwards et al. 2021). This means that the additional costs of 

scaling up a program to account for non-compliance are modest. Why the Budworm 

Tracker Program has such high compliance rates would be an interesting topic for a 

sociological study in the near future.   

The research in Chapter 3 of my thesis adds another study to the literature on the 

important role of stable isotope analysis in helping us better understand insect dispersal 

(Quinby et al. 2020). It also contributes to the previous literature that emphasizes the 

importance of collecting a large number of samples for stable isotope analysis when 

working with dispersing species to help delineate isoscapes over small geographic areas 

and detect differences in isotopic ratios after dispersal (Choi et al. 2020).  
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I found no significant relationship between 𝛿18O foliage values and latitude; 

therefore, it remains unclear if there was a detectable oxygen isoscape between my sites. 

Although there may be many reasons why I couldn’t detect any relationship, the most likely 

is that I only had one sample per site so I couldn’t test variation. For this reason, I used 

spatial correlation. My inability to detect an oxygen isoscape shouldn’t discount the 

possibility that an oxygen isoscape may exist across my sites. It is known in the literature 

that latitude influences oxygen ratios (Sena-Souza et al. 2019) but it can be challenging to 

detect differences in oxygen ratios on smaller geographical areas, which combined with 

low sample size was likely the reason why I was unable to detect an isoscape (Wommack 

et al. 2020).  

𝛿 13C foliage isotopic values varied, indicating there may be a carbon isoscape 

between sites. After further investigation I discovered that Cape Breton, the eastern site, 

was the only site that had differed significantly compared to the other more western sites. 

Within the carbon isotopic literature, it is well documented that 13C varies along a 

latitudinal transect (Körner at al. 1991) so it’s possible that my Cape Breton site falls 

withing a different range of 13C ratios compared to my other 3 more western sites. The adds 

to our knowledge that 13C varies latitudinally and this is particularity interesting because 

13C may be a suitable isotope for tracking moth dispersal if they disperse east to west or 

west to east. 

There was variation in 𝛿 15N foliage isotopic values indicating there may be a 

detectable nitrogen isoscape between sites. However, the only two sites to have significant 

differences were Cape Breton and Yarmouth. This indicates that if there is a nitrogen 

isoscape it may run in a northeastern to southwestern or southeastern to northeastern 
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direction, however, I do not see significant differences between the Baie Comeau and 

Montmagny sites so I can’t fully characterize a nitrogen isoscape.  As the literature clearly 

states, nitrogen is highly variable, difficult to trace and one of the most sensitive isotopes 

that can be influenced by the slightest environmental change (Amundson et al. 2003; 

Knoepp et al. 2015; Hyodo 2015). Although it will require further investigation 15N 

isotopes may be suitable for tracking spruce budworm moths that disperse longitudinally. 

There was no significant relationship between spruce budworm moth wing and 

balsam fir foliage for 𝛿18O, 𝛿13C and 𝛿15N but there was a trend towards a positive 

correlation for 𝛿18O and 𝛿13C. With low sample size there was not much power in my 

statistical test, but the overall observed trend did provide some promising evidence that the 

budworm took up enough isotopic markers in their tissues from the foliage they fed on to 

detect those oxygen and carbon isotopes. There was no clear relationship between moth 

wings and foliage for 𝛿15N, but this was not surprising as nitrogen is extremely variable 

(West 2010). My study contributes to the extensive literature that 18O and 13C are valuable 

isotopes for tracking budworm dispersal (Quinby et al. 2020). Although I provided no 

evidence that 15N could be used to track budworm dispersal, previous studies have found 

the opposite (Medeiros et al. 2017; Hobson et al. 2018; Maderia et al. 2019). The potential 

value 15N may have in tracking spruce budworm moth dispersal cannot be dismissed 

because my low sample size and consequently low power in my tests.  

The goal of my thesis was to compare and improve monitoring approaches to trap 

and collect samples to better understand dispersal patterns and test a tool that could be used 

track the origin and movement patterns of those moth samples.  I have increased our 

knowledge on how to improve monitoring approaches, get the optimum quality of data 
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with the resources available and test a tool that could be used to better understand the data 

and its meaning.  I demonstrate that conventional monitoring approaches and community 

science approach do not need to be mutually exclusive. They could be hybridized to get 

the best of both worlds with complete spatial coverage, cost savings and good data quality 

all the while maintaining public engagement in an ever-evolving scientific community and 

government mandated policies where transparency and public outreach is becoming 

undeniably important (Pocock et al. 2018). The use of a hybridized program would lead to 

more widespread trap collections and phenological data, so I tested a potential data 

application using stable isotope analysis. This data application could help interpret the 

phenological data and help us understand the dispersal patterns and origins dispersing 

spruce budworm moths that are caught in pheromone traps. I discovered that stable isotope 

analysis may be useful for tracking spruce budworm dispersal. 

Improvements to our approaches and strategies to track dispersing animals and the 

applications that we use to better interpret and understand our data continues to evolve as 

technologies advance and as our knowledge increases (Cooper 2016). My thesis pairs 

together a comparison of monitoring approaches and a potential application of the data 

collected by those monitoring approaches. My thesis helps us better understand how to 

optimize data collection efforts and presents another technique that could be used to 

interpret dispersal data.  
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APPENDIX 1 

Appendix 1. Summary of the foliage and moth stable isotope data.  

 

          Isotopic Values (‰) 
                

Site Latitude Longitude Tissue Type Sample ID  𝛿13C   𝛿15N   𝛿18O   
                
Baie Comeau  49.443 -67.273 plant BC FOL1 -27.1 -8.0 22.8 
Baie Comeau  49.443 -67.273 plant BC FOL2 -27.3 -8.4   
Montmagny 46.871 -70.428 plant QC FOL1 -28.1 -7.1 24.1 
Montmagny 46.871 -70.428 plant QC FOL2 -27.6 -7.8   
Cape Breton 45.951 -60.019 plant CB FOL1 -29.8 -8.5 21.7 
Cape Breton 45.951 -60.019 plant CB FOL2 -29.3 -8.7   
Yarmouth 43.885 -65.443 plant OP FOL1 -27.8 -6.0 25.6 
Yarmouth 43.885 -65.443 plant OP FOL2 -27.2 -6.9   
Baie Comeau  49.443 -67.273 animal BC SBW -27.6 1.7 18.7 
Cape Breton 45.951 -60.019 animal CB SBW -28.8 -0.4 17.8 
Yarmouth 43.885 -65.443 animal OP SBW -25.6 -0.7 19.4 
Montmagny 46.871 -70.428 animal QC SBW -28.4 -2.3 18.5 
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