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Abstract 

Halogenated flame retardants (HFRs) are chemicals that are used to reduce the flammability of objects 

and are of international concern due to their negative effects on the environment and human health. Some 

HFRs have been regulated under the Stockholm Convention on Persistent Organic Pollutants that aims to 

protect human health and the environment. To address whether such international regulations are reducing 

concentrations of HFRs, temporal trends of polybromodiphenyl ethers (PBDEs), 

hexabromocyclododecane (HBCDD), and dechlorane plus (DP) were examined in herring gull (Larus 

argentatus smithsonianus) eggs. Eggs were sampled from 18 Canadian colonies located in the Laurentian 

Great Lakes, Niagara River, St. Lawrence River, the Atlantic, and the Arctic. One egg was sampled from 

each of 10-15 individual nests from each colony for 5-12 years and pooled within colonies and years on 

an equal wet weight basis. Egg pools were analyzed using gas chromatography-mass spectrometry for 14 

PBDE congeners, total-a-HBCDD, and syn- and anti-DP. Generalized linear models and breakpoint 

analysis was used to determine if, and when, changes in concentrations occurred and the direction of these 

changes. I found few significant declines of flame retardant concentrations over time in herring gull eggs, 

and therefore, there was little support for the hypotheses that either 1) the nomination of a flame retardant 

or 2) the listing of a flame retardant reduces its concentrations in herring gull eggs. These results support 

that flame retardants are still emitted to the environment due to stockpiles, discarded products, or re-

release of environmental reservoirs after their regulation. These results show that in only a few cases 

management due to the Stockholm Convention reduced concentrations of HFRs in Canadian herring gull 

eggs, but that overall concentrations had not begun to decrease between 2008 and 2019 in response to 

regulation. However, declines in HFR concentrations may not have occurred during this study period 

since a longer time frame may be required before significant declines concentrations due to SC 

management are seen. Additionally, the SC’s importance may be the framework it provides to signatory 

parties for generating their own national regulations.  



iii 

 

Co-Authorship 

Vanderlip, H. L.1, Provencher, J. F.2, Friesen, V. L. 1,3, de Solla, S. R. 4, Hughes, K. D. 5, Letcher, 

R. J. 2, Martin, P. A. 4, Orihel, D. M.1,3.  

 

1 Department of Biology, Queen’s University, Kingston, Ontario, Canada  
2Ecotoxicology and Wildlife Health Division, Science and Technology Branch, Environment and Climate 
Change Canada, Ottawa, Ontario, Canada 
3School of Environmental Studies, Queen’s University, Kingston, Ontario, Canada 

4Ecotoxicology and Wildlife Health Division, Wildlife and Landscape Directorate, Science and 
Technology Branch, Environment Canada, Burlington, ON, Canada 
5Broadwing Biological Consulting, Pickering ON, Canada  
   
 
The initial study was conceived by FJP, VLF and DMO, but valuable contributions from HLV, 

DSR, KDH, RJL, and PAM shaped the study into its current form. HLV performed the data 

analysis and drafted the manuscript. All coauthors contributed to the interpretation of results and 

will edit and approve the final manuscript.  



iv 

 

Acknowledgements 

I would like to begin my acknowledgements by recognizing that Queen’s University is situated in 

what is now known as Kingston Ontario, which is the traditional territory of the Anishinaabek 

and Haudenosaunee. Queens University is deeply rooted in colonialism, and it is only though 

this destruction of Indigenous lands and cultures that I am able to learn and work here as an 

uninvited guest. Samples used in this study are from across Turtle Island, specifically from the 

traditional lands of the Inuk, Metis, and First Nations peoples. To acknowledge the longer 

history of Turtle Island that predates European settlement is to recognize and respect the 

inherent ties that exist between the land and Indigenous cultures and practices.  

 

An enormous thank you to Dr. Diane Orihel and Dr. Vicki Friesen, my wonderful co-supervisors. 

Their guidance and support shaped my experience and growth both personally and 

professionally during graduate school and made doing a master’s degree during a global 

pandemic possible. A huge thank you to Dr. Jennifer Provencher not only for her role as my 

committee member and providing advice and support throughout this degree, but also for 

conceptualizing the project and securing funding, making this work possible. A thank you to my 

committee member, Dr. Stephen Lougheed for his invaluable advice and guidance on this work. 

Without input from these people this thesis would not be what it is today.  

 

I would like to thank Environment and Climate Change Canada for providing the data to make 

this project possible. Additionally, thank you to my co-authors Dr. Shane de Solla, Dr. Robert 

Letcher, Kim Hughes, and Pam Martin, for entrusting me with their data and their guidance and 

support during this project.  

 

I would also like to thank the members of both the QE3 and Friesen labs, who throughout my 

program have provided invaluable advice and support. Additionally, I would like to thank the 

graduate students in the Department of Biology for fostering an environment for both personal 

and professional growth, and for all the fun nights at the Grad Club. I am grateful to have spent 

two years in such a friendly and supportive community.  

 



v 

 

Thank you to my family and friends for supporting and encouraging me during my academic 

journey, and for listening to me talk endlessly about gulls and flame retardants. To my two 

dearest friends, thank you for always offering your support both personally and professionally as 

we navigated graduate school together. Finally, I would like to thank Reid Vender, my COVID-

19 office companion, and my main support network during both a global pandemic and graduate 

school. He also spent many nights helping me troubleshoot R code; without him I would likely 

still be trying to figure out how to make those legends work in ggplot.   



vi 

 

Table of Contents 

Abstract ........................................................................................................................................... ii 
Co-Authorship................................................................................................................................ iii 
Acknowledgements ........................................................................................................................ iv 
List of Figures .............................................................................................................................. viii 
List of Tables ................................................................................................................................. ix 
List of Abbreviations ...................................................................................................................... x 
Chapter 1 Introduction .................................................................................................................... 1 

1.1 Properties of Halogenated Flame Retardants ........................................................................ 2 
1.1.1 Hexabromocyclododecane (HBCDD) ............................................................................ 3 
1.1.2 Polybromodiphenyl Ethers (PBDEs) .............................................................................. 6 
1.1.3 Dechlorane Plus (DP) ..................................................................................................... 8 

1.2 Regulation of HFRs: The Stockholm Convention .............................................................. 11 
1.3 Temporal Trends of HFRs ................................................................................................... 13 
1.4 Analysis of HFRs ................................................................................................................ 15 
1.5 Herring Gulls as Biomonitors for Canadian Ecosystems .................................................... 17 
1.6 Research Gap and Objectives .............................................................................................. 19 

Chapter 2 Trends of halogenated flame retardants in herring gull eggs from across Canada from 

2009 – 2019................................................................................................................................... 23 
2.1 Introduction ......................................................................................................................... 23 
2.2 Methods ............................................................................................................................... 27 

2.2.1 Sampling Methods ........................................................................................................ 27 
2.2.2 Chemical Analysis of HFRs in Eggs ............................................................................ 28 
2.2.3 Data Analysis ................................................................................................................ 29 

2.3 Results ................................................................................................................................. 35 
2.3.1 Egg Volume, Lipid, and Mass ...................................................................................... 35 
2.3.2 HBCDD ........................................................................................................................ 35 
2.3.3 Lower Brominated BDEs ............................................................................................. 36 
2.3.4 BDE-209 ....................................................................................................................... 36 
2.3.5 DP ................................................................................................................................. 37 



vii 

 

2.4 Discussion ........................................................................................................................... 47 
2.4.1 Effectiveness of Nomination and Listing Under the SC .............................................. 47 
2.4.2 Production and Usage of HFRs .................................................................................... 50 
2.4.3 Continued Emission of HFRs ....................................................................................... 53 
2.4.4 Proximity to Urban Centers .......................................................................................... 54 
2.4.5 Biological Factors Affecting HFR Concentrations ...................................................... 56 
2.4.6 Importance of Outliers in Pooled Biological Samples ................................................. 59 
2.4.7 Conclusions .................................................................................................................. 60 

Summary ....................................................................................................................................... 62 
Literature Cited ............................................................................................................................. 64 
Appendix A Chemical Structure of Halogenated Flame Retardants ............................................ 77 
Figure A3. Chemical structure of BDE-209 ................................................................................. 79 
Appendix B Hypotheses, Predictions, and Visualizations of Outcomes ...................................... 80 
Appendix C Analytical Methods for Halogenated Flame Retardants .......................................... 82 
Appendix D Egg Morphology and Percent Lipid at Each Colony ............................................... 84 
Appendix E Method Limit of Detection and Quantification of Flame Retardant Chemicals ...... 85 
Appendix F Rate of Detection of Flame Retardant Chemicals in Herring Gull Egg Pools .......... 87 
Appendix G Mean Concentrations of Halogenated Flame Retardants at Each Colony ............... 88 
Appendix H  Breakpoint Analysis on Raw Data Scale ................................................................. 89 
Appendix I Generalized Linear Models of Egg Parameters and Flame Retardant Concentrations

....................................................................................................................................................... 93 
Appendix J Breakpoint Analysis with Outliers Removed ............................................................ 99 
 

 



viii 

 

List of Figures 

Figure 1. Timeline of the nomination and listing of halogenated flame retardants following the 

signing and entry into force of the Stockholm Convention on Persistent Organic Pollutants.. .... 22 

Figure 2. Locations of Canadian herring gull colonies where eggs were collected between 2008 

and 2019 ........................................................................................................................................ 34 

Figure 3. Trends and breakpoints for HBCDD concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019.. ............................................................................................................... 43 

Figure 4. Trends and breakpoints for ∑12PBDE concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019.. ............................................................................................................... 44 

Figure 5. Trends and breakpoints for BDE-209 concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019.. ............................................................................................................... 45 

Figure 6. Trends and breakpoints for ∑DP concentrations (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019.. ........................................................................................................................ 46 
 



ix 

 

List of Tables 

Table 1. Location information and available data for herring gull colonies sampled for 

halogenated flame retardants. ....................................................................................................... 33 

Table 2. Date of the breakpoints and slopes (ng g-1 year-1) of the generalized linear models for 

HBCDD, ∑12PBDE, BDE-209 and DP concentrations in herring gull eggs between 2009 – 2019.

....................................................................................................................................................... 39 
 



x 

 

List of Abbreviations 

DP – Dechlorane Plus 

DecaBDE – Decabromodiphenyl ether 

GC – Gas chromatography 

GLM – Generalized linear model 

HBCDD – Hexabromocyclododecane 

HFR – Halogenated flame retardant 

PBDE – Polybromodiphenyl ether 

PentaBDE – Pentabromodiphenyl ether 

POP – Persistent organic pollutant 

OctaBDE – Octabromodiphenyl ether 

MS – Mass spectroscopy 

SC- Stockholm Convention 



 

1 

 

Chapter 1 

Introduction 

Persistent organic pollutants (POPs) are a group of synthetic chemicals that are of global 

concern due to their negative effects on human health and the environment. POPs include a 

variety of chemicals, from pesticides to plasticizers to flame retardants, and their ubiquity and 

longevity in the environment have made them a marker of the Anthropocene (Dong et al., 2021). 

For a chemical to be classified as a POP, it must meet several criteria (UNEP 2018). First, it 

must be an organic molecule, meaning it is carbon based (UNEP 2018). It must also resist 

degradation, have a long environmental half-life, and be widely distributed from its sources 

indicating long range transport (UNEP 2018). The chemical must also bioaccumulate (building 

up in tissues of living organisms) and biomagnify (being found in increasing concentrations at 

higher trophic levels). Finally, it must demonstrate toxicity to humans and wildlife (UNEP 

2018). The combination of these characteristics has important implications for the fate of these 

contaminants in the environment and in wildlife, as persistence, the ability to transport, and 

toxicity mean that many species across the globe are affected by them. Due to these 

characteristics, global action has been undertaken to regulate and ultimately eliminate these 

chemicals from the environment. 

The aim of this literature review is to summarize current knowledge on halogenated 

flame retardants (HFRs) and monitoring of these chemicals in the Canadian environment and 

highlight gaps in knowledge that my study will address. Specifically, I will provide background 

information on (1) three HFRs: polybromodiphenyl ethers (PBDEs), hexabromocyclododecane 

(HBCDD) and dechlorane plus (DP); (2) the Stockholm Convention (SC) and regulation of 
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HFRs, and (3) North American herring gulls (Larus argentatus smithsonianus), which are used 

as bio-monitors in Canadian ecosystems.  

1.1 Properties of Halogenated Flame Retardants  

HFRs are a group of semi-volatile organic flame retardants, several of which meet the 

criteria to be considered POPs and are consequently regulated on an international level. They 

occur in everyday use, as they are applied to commonly used products including in textiles, 

electronics, furniture, vehicles and building materials to reduce flammability (UNEP 2017). 

Thus, HFRs have been used worldwide to improve safety standards (de Wit, 2002). They work 

by capturing free radicals, which are required for a flame to propagate, thus stopping its spread 

(Alaee et al., 2003). HFRs are named for the halogen atoms that they contain, specifically iodine 

(I), bromine (Br), chlorine (Cl) or fluorine (F); however, only HFRs containing Cl or Br are 

stable enough for widespread use (Alaee et al., 2003). Brominated flame retardants have been 

more popular for use in commercial HFRs due to their ability to capture free radicals more 

efficiently than flame retardants containing chlorine, though chlorinated flame retardants have 

still been popular for use worldwide (Alaee et al., 2003; Vorkamp and Rigét, 2014). Brominated 

flame retardants include the popular products of polybrominated diphenyl ethers (PBDEs) and 

hexabromocyclododecane (HBCDD). Another well-known HFR, Dechlorane Plus® (DP) is a 

chlorinated flame retardant. These three HFRs have been popular for use due to their 

affordability and stability, though having characteristics of POPs they have come under 

international scrutiny due to their harmful effects.  
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1.1.1 Hexabromocyclododecane (HBCDD) 

The first HFR which my study will consider is HBCDD. It is another brominated flame 

retardant which became popular in the 1980s and was most commonly used in building 

materials, predominantly polystyrene foam used for insulation, and vehicles (Alaee et al., 2003; 

de Wit, 2002). Though used throughout North America, highest demand for HBCDD came from 

Europe (Koch et al., 2015). HBCDD consists of three enantiomers, a, b, and g, however, the a-

enantiomer is more frequently detected in wildlife despite the g-isomer being the main 

component of the technical product (Figure A1; Alaee et al., 2003). This is likely due to higher 

lipophilicity of the a-enantiomer,  whereas the g-enantiomer is more readily detected in abiotic 

compartments such as sediment or water (Kefeni et al., 2011). Though overall demand for 

HBCDD was much lower than that for PBDEs, partially due to its lower stability, it is still 

readily detected in the environment and biota (De Wit 2002; UNEP 2008). HBCDD meets all the 

criteria for POPs, thus poses a risk to humans, wildlife, and the environment, and has been listed 

under the SC. Additionally, due to its relatively recent regulation in 2013, monitoring of this 

contaminant in biota is important to ensure its reduction and eventual removal from the 

environment.  

A chemical must enter the environment to affect the environment and wildlife. HFRs 

have three main stages when they can enter the environment: during their production and 

incorporation into products, during use of these products, and during disposal of the products 

(Kefeni et al., 2011). HBCDD has been detected in many environments and wildlife and can 

undergo long range transport through the atmosphere and water bodies. It is an additive flame 

retardant (i.e. it is not chemically bound to the matrix of the product to which it is applied, rather, 

blended with the product) with primary sources into the environment including urban sources 
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and wastewater facility effluent, combustion of waste, and landfills (Akortia et al., 2016; Marvin 

et al., 2011; Tongue et al., 2019).  

The transport of POPs is a primary reason for these chemicals being of global concern, as 

they can travel far from point sources and reach remote habitats. The potential long range 

transport is characterized by detection in remote regions, persistence in air, and the vapour 

pressure of the chemical in its vapour phase (Marvin et al., 2011). Detection of HBCDD in 

Arctic regions and its persistence in air aids its classification as a contaminant that undergoes 

long range transport (de Wit et al., 2010; Marvin et al., 2011). Its ability to readily enter the 

environment and detection in remote regions highlights the importance of continued monitoring 

of this POP. 

The commercial mixture of HBCDD is highly lipophilic, readily accumulates in tissues 

of organisms, and biomagnifies through the food web. The octanol-water partition coefficient, 

Kow, is the ratio of the concentration of a substance in an octanol-rich phase and a water-rich 

phase and represents the lipophilicity or hydrophilicity of a substance. Higher values indicate 

that the substance is more lipophilic. The commercial product HBCDD has a log Kow value of 

approximately 5.62, with the individual enantiomers ranging between 5.4 and 5.8, indicating its 

high lipophilicity, and it has been detected in high concentrations in top predators indicating its 

ability to biomagnify through the food web (de Wit, 2002; Kefeni et al., 2011). The a-

enantiomer bioaccumulates and biomagnifies more readily compared to the other enantiomers, 

likely due to slower metabolic breakdown in organisms (Koch et al., 2015). However, 

bioaccumulation and biomagnification of HBCDD varies among ecosystems and food webs 

(Law et al., 2006; Marvin et al., 2011). Nonetheless, continued monitoring of this HFR is needed 
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to determine its trends in the environment and assess if regulations are effectively reducing 

concentrations in these environments. 

HBCDD is persistent, hence is classified as a POP. Degradation in air and water is very 

low and thus results in high persistence (Marvin et al., 2011). Estimates for overall persistence 

range between 12 and 1200 days depending on a suite of conditions including environmental 

compartment and environmental conditions (Marvin et al., 2011). Additionally, results regarding 

the persistence of each of the enantiomers are mixed, with some studies finding similar 

degradation of the three enantiomers, and others finding significant differences (Marvin et al., 

2011). Overall, HBCDD’s persistence in the environment indicates that wildlife will continue to 

be exposed to this flame retardant after its ban.  

HBCDD has various toxic effects, which highlights the need to continuously monitor its 

presence in the environment and biota. HBCDD is carcinogenic, and also affects the thyroid and 

liver of a variety of organisms (Kefeni et al., 2011). Adult birds exposed to HBCDD show 

lowered reproductive success, including reduced fertility, delayed egg laying, thinning of 

eggshells, and impaired incubation leading to lower nest temperatures and reduced hatching 

success (Fernie et al., 2009; Guigueno and Fernie, 2017). Additionally, HBCDD influences 

behaviour of adult birds, including decreased vocalization, copulation, and incubation (Guigueno 

and Fernie 2017). HBCDD has also been correlated with decrease in egg size, which affects the 

viability of offspring that are hatched (Verboven et al., 2009). Therefore, monitoring the 

presence and levels of HBCDD in wildlife is important, particularly after its regulation, to ensure 

that it is being removed from the environment and biota so that both are protected from its 

harmful effects.    
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1.1.2 Polybromodiphenyl Ethers (PBDEs) 

PBDEs were among the most popular of the HFRs, and most of their use occurred in 

North America (Alaee et al., 2003). Their primary uses include textiles, furniture, and electronics 

such as televisions and circuit boards (Kefeni et al., 2011). As many as 209 congeners of PBDEs 

are formed by replacing a hydrogen atom for bromine on the diphenyl ether, giving each a 

unique molecular structure and properties such as lipophobicity and different environmental half-

lives (Alaee et al., 2003; de Wit, 2002; Figure A2-3). Three major PBDE products that have been 

used commercially to date are pentabromodipheyl ether (pentaBDE), octabromodiphenyl ether 

(octaBDE) and decabromodiphenyl ether (decaBDE) (Chen and Hale, 2010). Each commercial 

mixture is characterized by different congener profiles: for example, pentaBDE contains 

primarily BDE-47 and -99 (with these two congeners comprising greater than 80%), while 

commercial octaBDE comprises mainly BDE-153, -154, -175 and -183, and commercial 

decaBDE is made almost entirely of BDE-209 (La Guardia et al., 2006). Widespread use of 

PBDEs began in the 1970s, but concerns over their health effects, and high levels in humans and 

the environment led to the regulation of some products in several regions in the early 2000s 

(Abbasi et al. 2015). PBDEs meet all the criteria of POPs, thus are contaminants that require 

long term monitoring of presence, levels, and distribution in the environment.  

Due to the additive nature of PBDEs, they are more likely to be released into the 

environment during incorporation into products, and to leech during use of these products 

(Kefeni et al., 2011). Following incorporation into products, PBDEs enter the environment 

primarily from (1) cities, where they enter wastewater facility effluent, (2) leeching from 

landfills, and (3) combustion of waste that contains PBDEs (Akortia et al., 2016; de Wit, 2002). 

Landfills represent a significant source of environmental contamination, as they store discarded 
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goods that contain PBDEs that are emitted into the atmosphere or may leach into groundwater 

(Sorais et al., 2020; Tongue et al., 2019).   

Like HBCDD, PBDEs undergo long range transport and have been detected in remote 

Arctic regions for decades (de Wit et al., 2006). They can travel through a variety of 

environmental compartments, including air, water, and in some cases biota to reach these remote 

regions (Akortia et al., 2016). In water PBDEs are likely to transition into the air via volatization, 

or to bind to sediment or other substrates rather than remaining in the water column, due to their 

low solubility (Akortia et al., 2016).   

PBDE congeners have log Kow values between 4.9 and 9.9 (Akortia et al., 2016). PBDEs 

are bioavailable in sediment, and thus may enter the food web at lower trophic levels and 

subsequently bio-magnify through the food web (de Wit, 2002). While not all predator-prey 

interactions support biomagnification of PBDEs, and biomagnification depends on the specific 

congener, nearly all PBDE congeners bio-magnify (Brandsma et al., 2015; Law et al., 2006).  

PBDEs have long half lives in various environmental compartments (Birnbaum and 

Staskal, 2004). However, not all congeners are equally persistent, and lower brominated 

congeners (congeners with fewer bromine atoms) are more persistent than higher brominated 

congeners (congeners with more bromine atoms; Birnbaum and Staskal 2004). Therefore, it is 

important to monitor these contaminants in multiple ecosystems globally to ensure that 

regulations are effective for all congeners over both space and time. 

A major concern regarding POPs is their toxicity. PBDEs affect both wildlife and humans 

and may have carcinogenic effects, disrupt the endocrine system, and demonstrate neurotoxicity 

(Akortia et al., 2016). PBDEs have a variety of toxic effects on birds, however like HBCDD 

these effects are species-specific. They have been shown to affect expression of genes in the liver 
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and thyroid, and to both increase and decrease testosterone and retinol levels in eggs, which 

affects the growth and development of chicks (Chen and Hale, 2010; Guigueno and Fernie, 

2017). Both increases and decreases in testosterone, retinol, and growth have been attributed to 

PBDE exposure, but again, effects vary with species (Chen and Hale, 2010). Additionally, 

changes in behaviour are seen when birds are exposed to PBDEs, which influences the 

reproductive success of a breeding pair. Commonly, PBDE exposure in adults leads to lowered 

vocalizations, courtship activity, copulation, and incubation, leading to lower nest temperatures, 

and overall reduced hatching success (Chen and Hale, 2010; Guigueno and Fernie, 2017). 

Additionally, laboratory studies have found that PBDE exposure affects eggshell thickness 

(Guigueno and Fernie 2017). These effects both individually and compounded on a population 

level may severely affect the reproductive success of a breeding pair of birds, and ultimately the 

success of a species on a large scale.   

1.1.3 Dechlorane Plus (DP) 

DP is a chlorinated flame retardant and was initially synthesized to replace Mirex® as the 

latter was being phased out in the 1970s. This was done because DP has similar flame retardant 

properties (Vorkamp and Rigét, 2014; Wang et al., 2016). Since then it has been used to replace 

other flame retardants that have been banned including DecaBDE (Sverko et al., 2011). DP has 

been used in electrical wires and coatings, roofing materials, various polymers, and furniture 

(Sverko et al., 2011; Wang et al., 2016). Additionally, DP is less expensive than other flame 

retardants and is more photochemically stable (Feo et al., 2012). Two stereoisomers are 

commercially available, the anti- and syn-isomers, with the technical mixture containing an 

approximately 1:3 ratio of the anti-:syn-isomers (Figure A4; Vorkamp and Rigét, 2014). Both 

isomers have been detected in the environment and biota (Vorkamp and Rigét, 2014). Therefore, 
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continued monitoring of this flame retardant is important not only to create a baseline to assess 

the effectiveness of its upcoming regulation, but to assess the scope of its impact in the 

environment and wildlife and to understand better its lasting impacts. 

DP is a global contaminant that may enter the environment through many routes where it 

is then available to wildlife and can travel to remote regions via long range transport. Like 

PBDEs and HBCDD, DP is an additive flame retardant and may enter the environment during its 

production and incorporation into products, and during the use and disposal of products that 

contain it. It is found in urban environments and in sewage sludge (Wang et al., 2016). In 

contrast to PBDEs and HBCDD, emission from electronic waste is an important source of DP, 

and electronic waste recycling facilities have high levels of DP in soil and air at and around the 

facilities (Wang et al., 2016). DP has also been detected in air, water and wildlife in the Arctic, 

which confirms its ability to undergo long range transport (Möller et al., 2010; Schuster et al., 

2021). Additionally, substantial evidence exists for the long range transport of DP, as it has been 

detected worldwide in various environmental compartments and in remote regions such as the 

Arctic (Sverko et al., 2011; Vorkamp and Rigét, 2014). However, long range transport of 

isomers of DP is unequal, with the proportion of the syn-isomer increasing with distance from 

point sources in air samples (Schuster et al., 2021). This also indicates that persistence of the 

syn-isomer is higher than that of the anti-isomer. DP was only detected in the environment for 

the first time in 2004 (Hoh et al., 2006); however, due to its global spread it has become a world-

wide concern. 

Similar to PBDEs and HBCDD, DP is highly lipophilic and stable, and both 

bioaccumulates and biomagnifies, making it persistent and abundant in wildlife (Feo et al., 

2012). DP has a log Kow value of 9.3 representing high hydrophobicity (Wang et al 2016). 
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Results are inconclusive regarding the accumulation of the DP syn- and anti-isomers, suggesting 

that accumulation of the isomers is species specific (Feo et al., 2012). For example, some studies 

have found higher accumulation of the syn- isomer in biota (Wu et al., 2010), while others have 

found no enrichment of either isomer relative to the ratio of the technical mixture (Gauthier et 

al., 2007). Tomy et al. (2007) demonstrated biomagnification of only the anti-isomer for DP in a 

Lake Winnipeg food web, and only the syn-isomer in Lake Ontario. Su et al. (2015) found higher 

concentrations of the anti-isomer than the syn-isomer, which is consistent with previous findings 

of DP concentrations in herring gull eggs (Gauthier and Letcher, 2009).  

Studies investigating the toxic effects of DP are scarce (Zafar et al., 2020), especially on 

avian fauna (Guigueno and Fernie, 2017). Overall, DP has genotoxic effects, though these effects 

are largely species specific, and similarily to PBDEs and HBCDD, DP affects the thyroid 

hormones and function (Zafar et al., 2020). Crump et al. (2011) found no adverse effects of DP 

on chicken embryo viability at current environmental levels. However, a study on quail found 

that exposure to DP resulted in increased activity of erythromycin N-demethylase, indicating the 

potential for DP to influence the metabolism and detoxification of exogenous compounds (Li et 

al., 2013).  

The three HFRs that my study will examine (PBDEs, HBCDD, and DP) have all come 

under international scrutiny due to the characteristics that classify them as POPs, which 

inherently make them a threat to the health and survival of wildlife and humans and ensure that 

they will persist in the environment for years, even after regulation. Monitoring these 

contaminants over long periods is essential to ensure their decline in, and eventual removal from, 

the environment. Additionally, monitoring these contaminants over a large spatial scale is 

important since they travel far from point sources and enter remote environments.  
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1.2 Regulation of HFRs: The Stockholm Convention 

The SC is a United Nations treaty aimed at protecting human health and the environment 

from POPs through international regulations of harmful chemicals. Born from calls for global 

action against POPs, the SC was adopted in May 2001 after negotiations in Stockholm. The 

convention entered into force on May 17, 2004, and today 184 countries have signed the 

agreement (UNEP 2018). Initially 12 chemicals, known as the “dirty dozen”, were regulated 

under the convention, but beginning in 2009 more chemicals were added. The SC contains three 

Annexes under which a chemical may be regulated: Annexes A, B or C. Annex A is for 

chemicals whose production, distribution and use are to be eliminated entirely (UNEP 2018). 

The other two annexes are for chemicals whose production and use are to be restricted or 

regulated. When a chemical is listed, the countries that have signed the SC are responsible for the 

reduction or elimination of its production and use, restricting its import and/or export, and 

notifying the Secretary of the SC of any exemptions that are required (UNEP 2018).   

Listing a chemical under the SC is not sudden, with years of lead up to listing. The 

process begins with nomination and is followed by a multi-year screening phase occurring 

between these two events (UNEP 2018). The screening phase includes a review of the proposal, 

ensuring the chemical meets the criteria outlined in Annex D of the convention (persistence, bio-

accumulation, potential for long range environmental transport, and adverse effects) and creation 

of a risk profile (UNEP 2018). Following this, the Persistent Organic Pollutant Review 

Committee makes the decision on the listing of the chemical. Information is readily available to 

the public during the screening phase as the agendas for the Persistent Organic Pollutants Review 

Committee meetings are publicly available, and press releases are made about nominations and 

listing decisions. Therefore, companies producing and using chemicals are alerted if a regulation 
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is likely to take place, and the signing parties of the SC are alerted to enact national regulations 

shortly after listing. This process may result in shifting patterns in chemical production and use, 

and continued emissions to the environment both before and after listing Nomination of HBCDD 

occurred in 2008, and the listing occurred 5 years later in 2013 (Figure 1; POPRC 2008). For the 

PBDEs, penta- and octaBDE were nominated in 2005 and 2006, respectively, and both were 

listed under Annex A in 2009 (POPRC 2005, 2006). DecaBDE was nominated several years later 

in 2013 and was not listed until 2017 (POPRC 2013). Finally, DP was nominated at the end of 

my study period in 2019 but has not been listed yet (UNEP 2019).  

Two key articles in the SC create a framework for scientific research and monitoring of 

listed contaminants. Article 11 of the SC outlines relevant research, development and monitoring 

of listed POPs. Notably, it calls for specific research on levels and trends in both the environment 

and humans as well the transport, fate and transformation in the environment. Other areas of 

research include toxic effects on humans and wildlife, and socio-economic or cultural impacts. 

Article 16 of the SC outlines the evaluation for effectiveness, and calls for regular evaluation of 

the SC. Additionally, it calls for generation of data on the presence and trends of the listed POPs. 

An abundance of studies exist on long term monitoring of POPs before and after the SC entered 

into force, with several finding decreasing concentrations surrounding the time of regulation 

(reviewed in Hung et al. 2016). However, not all contaminants follow similar trends over space 

and time, and few studies have observed trends in biota (Akortia et al., 2016; Hung et al., 

2016b). In addition to the need to assess the effectiveness of the convention, constant vigilance is 

required by the scientific community to describe the long-term effects of regulated contaminants 

more effectively in the global environment following their international ban. 
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1.3 Temporal Trends of HFRs 

In general, chemicals that have been regulated show a decrease or plateau in 

environmental concentrations following their regulation; however inconsistencies in these trends 

among regions and species highlight the importance of continued monitoring of regulated 

chemicals (e.g. Gandhi et al. 2017; Miller et al. 2014). Declines in chemical concentration are 

typical following the ban of a chemical, since fewer new inputs of the chemical into the 

environment exist. However, in some cases plateaus in concentrations occur and are likely 

representative of the persistence of these chemicals. Additionally, plateaus may represent the 

build-up of products containing chemical that are still in use, have been recycled, or are in waste 

management facilities (Abbasi et al., 2015). In addition to investigating trends following a ban to 

better understand their lasting effects, long term monitoring is required to ensure that the bans 

are effective, and that the chemicals are being removed from the environment and wildlife.  

PBDEs have decreased on a global scale since the onset of their regulation in the early 

2000s, though recent trends, and trends of the recently banned DecaBDE, require investigation. 

The penta- and octaBDE commercial mixtures were added to annex A of the SC in 2009, and 

decaBDE was added in 2017 (UNEP 2018). Concentrations of PBDE congeners showed 

substantial increases from the 1970s through the 1980s and 1990s due to their popularity and 

subsequent high production volumes and use (de Wit, 2002). Following their regulation, in the 

Great Lakes region SPBDE concentrations in herring gull eggs decreased between 2006 and 

2013 (Su et al., 2015), though more recent trends remain uncertain and some congeners have 

plateaued. Arctic seabirds showed a linear decline in SPBDE concentrations beginning in 2003 

following an exponential increase since 1975 (Braune et al. 2015). However, these decreases 

were followed by a plateau in concentrations. Investigation of recent trends of PBDEs will help 
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clarify the effectiveness of the SC bans of these chemicals in Canadian environments and will 

help establish if concentrations of DecaBDE in wildlife are declining.  

Generally, concentrations of HBCDD have been increasing, though more recent trends 

following its regulation remain to be investigated. HBCDD concentrations increased in herring 

gull eggs in the Great Lakes between 2006 and 2012 (Su et al., 2015) and in glaucous gull (Larus 

hyperboreus) eggs in Prince Leopold Island in Nunavut between 2008 and 2013 (Braune et al., 

2015b). HBCDD was also observed to increase in the eggs of Leach’s storm petrels (Hydrobates 

leucorhous) in Pacific Canada between 1994 and 2011 by Miller et al. (2014). Understanding 

more recent trends of HBCDD to assess the effectiveness of the SC regulation and to ensure its 

decline and eventual removal from Canadian ecosystems is crucial for the protection of the 

environment and the wildlife within it. 

Temporal trends of DP remain unclear, and DP is not yet regulated on an international 

level, though it is proposed for listing under the SC. DP in the air around the Great Lakes did not 

show distinct changes in the early 2000s, which likely reflects the continuing use and production 

in this region (Wang et al., 2016). However, these concentrations decreased compared to 

concentrations in the 1980s. Su et al. (2015) found increasing concentrations of DP in herring 

gull eggs in the Great Lakes between 2006 and 2012. Conversely, Hoh et al. (2006) found no 

correlation between sampling date and DP concentration in walleye (Sander vitreus) in the Great 

Lakes region dating back to the 1980s. Trends of DP in the Arctic remain scarce, though DP has 

been detected in some Arctic biota (Vorkamp and Rigét, 2014). Therefore, as DP is slated for 

regulation under the SC, monitoring its presence and trends in multiple environments across 

Canada remains vital to better understand the spread and longevity of its impact.  
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While the production and use of these chemicals has been banned, significant reserves of 

these products in household items, landfills and the environment are still present due to their 

persistence (Abbasi et al., 2015). This will result in continued emission and presence in the 

environment for some time. Additionally, some exceptions under the SC will allow use of 

several of these chemicals into the 2030s. While declines of some of these contaminants are 

promising, reflecting the effectiveness of regulations, inconsistencies in these trends still bring 

concerns about their lasting impacts. Therefore, continued monitoring of their long-term trends 

in the environment and wildlife is important to assess the effectiveness of the SC, as per articles 

11 and 16.  

1.4 Analysis of HFRs 

By far, the most popular method for analysis of HFRs is gas-chromatography (GC) 

coupled with mass-spectrometry (MS), which has been used by environmental scientists for 

decades (Figure S1; De Boer 1999). GC involves the separation of individual compounds from a 

mixture, while MS is able to identify the separated compounds (Karasek and Clement, 1988). 

The combination of the separating ability of chromatography with the identification abilities of 

MS have provided scientists with a powerful tool for identifying the individual compounds 

within complex mixtures and has been popular among researchers for identifying contaminants 

from biological matrices. Thus, these methods have been used in long term monitoring studies in 

herring gulls since their inauguration.   

Prior to analysis via chromatography, extraction and clean-up of the sample is required to 

isolate the compound, or mixtures of compounds, from the biological or environmental matrix so 

that they can be identified. Clean-up is of particular importance to remove the matrix 

components, leaving only the target analytes (Gustavsson et al., 2017). In biological samples, for 
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example, clean up removes the remaining lipids, which might otherwise interfere with the GC 

column or injector (De Boer, 1999). This can be achieved in multiple ways, and some examples 

include the use of solvents followed by sulfuric acid to remove lipids, or column 

chromatography for additional clean up (de Wit, 2002).   

Chromatography involves separating the compounds removed from the biological sample 

between two different phases: a solid and a mobile phase. The mobile phase carries the 

compounds over the stationary phase bed, where differences in solubilities will result in physical 

separation of individual compounds from the mixture. The compounds then emerge from the bed 

of the solid phase one by one and enter a detector. In GC, the mobile phase is a pressurized gas, 

most commonly helium, hydrogen or nitrogen (De Boer, 1999). The stationary phase is a liquid 

with a high molecular weight which either lines the walls of the capillary tubing being used or is 

placed on a surface of finely divided particles. The GC column is attached to a detector, which 

produces a chromatogram as the compounds emerge from the column. A chromatogram 

represents the timing of the elution of the components into the detector as peaks along an x axis, 

where the x axis is time (De Boer, 1999). This provides the identity of the mixture but does not 

give information about the concentrations.  

MS provides information about the abundance of compounds within a mixture. Once the 

compounds have been separated, either by chromatography or another means, they are injected 

into a high-pressure vacuum. Here, a stream of electrons breaks the compound down into its 

constituent fragments, or ions (De Boer, 1999). By separating the ions by their mass, the pattern 

and number of ions present for each unit of mass can be determined, resulting in a mass 

spectrum. The volatility of many POPs, particularly halogenated contaminants, makes electron 

capture detection particularly effective (De Boer, 1999).   
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By using GC-MS for HFRs, we can reliably identify and quantify concentrations of these 

contaminants from herring gull eggs. These methods will provide insight into whether the SC is 

effective, as identifying and quantifying these contaminants over both space and time throughout 

Canada will allow us to trace how these contaminants change in the years before and after their 

regulation. 

1.5 Herring Gulls as Biomonitors for Canadian Ecosystems 

The Great Lakes Herring Gull Monitoring Program is one of the oldest contaminant 

monitoring programs in the world, and continues to be used to monitor new and emerging 

contaminants, as well as legacy contaminants that persist in the environment (Hebert et al., 1999; 

Su et al., 2015). Initial concerns over poor breeding success of these colonial birds due to 

exposure to toxic compounds led to the formation of a monitoring program to ensure their 

survival, which was later expanded to use these birds as an indicator species for their ecosystems 

across Canada (Hebert et al., 1999). Since then, herring gulls have been an invaluable species for 

monitoring a suite of contaminants over both space and time in Canada due to their relatively 

high trophic position, long lifespan, and distribution across Canada (Hebert et al., 1999). 

Additionally, they are resistant to contaminants, unlike other water bird species, which ensures 

that herring gulls are viable for monitoring for long periods (Hebert et al., 1999). They remain 

one of the most numerous and widespread gull species in North America, making them an ideal 

study species for both spatial and temporal contaminant monitoring (Weseloh et al., 2020).  

Herring gulls are primarily carnivorous and have versatile diets, consuming both marine 

and terrestrial food and often at varying trophic levels. Food items in their diets range and may 

include marine invertebrates such as blue mussels (Mytilus edulis), various fish species, other 

seabirds such as Leach’s storm petrels, eggs and young of other herring gulls, and anthropogenic 
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waste (Pierotti and Annett, 1991; Weseloh et al., 2020). During the breeding season, breeding 

pairs often specialize on one food type, with proximity to food sources based on nesting habitat 

an important factor. Food type may change depending on reproductive stage (Bond, 2016; 

Pierotti and Annett, 1991).  

Herring gulls are exposed to HFRs in several ways. Gulls may inhale the particle or 

gaseous phases of HFRs in the air, ingest materials that contain HFRs, or ingest prey that contain 

HFRs thereby biomagnifying the contaminant through the food web (Sorais et al., 2020). Diet 

choice influences the biomagnification of HFRs in herring gulls, as terrestrial and marine food 

sources differ in their contaminant profiles (Pierotti and Good, 1994; Tongue et al., 2019). Many 

factors influence an individual birds’ exposure to HFRs, including distance to point sources. The 

exposure of individuals to HFRs increases when birds forage in urban centers and landfills 

(Elliott et al., 2015; Tongue et al., 2019). Additionally, exposure of birds in overwintering areas 

can influence contaminant burdens detected while in their breeding grounds (Hebert, 1998). The 

migratory patterns of herring gulls vary greatly, with gulls that breed in the Arctic undergoing 

long migrations to the Gulf of Mexico in the winter, Atlantic breeding birds migrating only a 

relatively short distance south along the coast, and Great Lakes breeding gulls remaining in the 

region year round (Anderson et al., 2020; Morris et al., 2003).  

Another important pathway for exposure to HFRs in birds is maternal transfer of HFRs 

into the eggs during oogenesis, which has important implications for sampling in monitoring 

programs. The deposition of contaminants from the mother to eggs in gulls has been well 

documented (e.g. Gauthier et al., 2007; Smythe et al., 2020; Verboven et al., 2009; Verreault et 

al., 2006), and contaminant burdens in eggs reflect the maternal contaminant burden during egg 

formation. Deposition occurs due to the mobilization of maternal tissues that may contain 
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contaminants to form the egg, particularly maternal blood and lipid which contain lipophilic 

contaminants (Braune and Norstrom, 1989; Drouillard and Norstrom, 2001). Several factors 

influence maternal transfer of contaminants to eggs, including biological factors such as maternal 

lipid stores and mobilization of these lipids during oogenesis, egg mass and yolk content, as well 

as physio-chemical factors of the chemical such as degree of halogenation, lipid solubility, and 

xenobiotic metabolism (Verreault et al., 2006). Smythe et al. (2020) found that contaminant 

concentrations in the yolk of eggs were reflective of maternal contaminant burdens, with yolk 

containing 99% of detected contaminants in the eggs. This maternal transfer of contaminants to 

eggs is another reason why bird species are frequently used for biomonitoring programs, as 

sampling can be achieved through the collection of eggs. 

1.6 Research Gap and Objectives 

While monitoring HFRs with herring gulls has been ongoing for decades, more recent 

trends of HFRs in gulls are needed to assess the effectiveness of the SC in this biomonitor 

species. Additionally, comparing trends of PBDEs, HBCDD and DP across multiple regions in 

Canada following the addition of several of these contaminants to the SC remains to be done, 

and few studies have compared these contaminants together across Canada to date. My study 

will provide not only an assessment of the SC’s effectiveness for reducing contaminants in 

Canadian environments and will give a comprehensive overview of its effectiveness in multiple 

herring gull colonies.  

The continued monitoring of chemicals listed under Annex A of the SC is important not 

only in assessing the effectiveness of the SC, but in informing policy makers about the urgency 

and importance of listing. Due to the nature of POPs, their persistence in the environment is 

certain, and their ability to undergo long range transport means that ecosystems far from point 
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sources will be impacted. Additionally, uncertainties surround the persistence, bioaccumulation, 

and biomagnification of different HFRs in different environments and biota. Therefore, 

monitoring different HFRs both before and after their regulation in herring gulls, a species 

widely distributed through Canada, will shed light on how long these contaminants persist after 

their input is limited, when changes in their concentrations are being seen, and if these changes 

occur in all herring gull colonies observed in my study. Knowing when to act against novel POPs 

is important for protecting both the environment and humans from their negative effects. By 

assessing the trends of three HFRs - HBCDD, PBDEs and DP - at different time points around 

their regulation I aim to clarify when and where changes in concentrations occur, and to 

determine the effectiveness of the SC. 

 The first objective of my study is to assess the effectiveness of the regulation of PBDEs 

and HBCDD under the Stockholm convention in Canadian ecosystems using herring gull eggs as 

bio-monitors. I also aim to establish a baseline for DP in Canadian herring gull eggs across 

Canada, so that future analyses may use this information to assess the effectiveness of 

regulations for DP. Additionally, I will use DP as a case study of an unregulated flame retardant 

to contrast trends seen in regulated flame retardants. I hypothesize that concentrations of 

halogenated flame retardants in herring gull eggs are reduced by nomination of the chemical for 

listing under the Stockholm Convention, relative to the concentrations had no regulation 

occurred (see Appendix B for hypotheses, predictions, and a visual schema of the outcomes). I 

predict that trends of PBDE and HBCDD concentrations in herring gull eggs decreased after the 

date of nomination. Alternatively, I hypothesize that concentrations of halogenated flame 

retardants in herring gull eggs are reduced by listing the chemical under the Stockholm 

Convention, relative to the concentrations had no regulation occurred. I predict that 
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concentrations of PBDEs and HBCDD in Canadian herring gull eggs will decrease shortly after 

the year of their ban in all colonies. I also predict that trends of DP concentrations in herring gull 

eggs in all colonies will not decline, as it has not yet been regulated under the SC.  
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Figure 1. Timeline of the nomination and listing of halogenated flame retardants following the 

signing and entry into force of the Stockholm Convention on Persistent Organic Pollutants. 

Years that nominations occurred are shown as dotted lines and years that listings occurred are 

shown as dashed lines. Three commercial mixtures of polybromodiphenyl ethers (pentaBDE, 

octaBDE and decaBDE) and hexabromocyclododecane (HBCDD) were both nominated and 

listed under the Stockholm Convention during the study period. Dechlorane Plus (DP) was 

nominated at the end of the study period. 
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Chapter 2 

Trends of halogenated flame retardants in herring gull eggs from across Canada from 2009 

– 2019 

2.1 Introduction 

The Stockholm Convention on Persistent Organic Pollutants (SC) is a United Nations 

Environmental Program treaty that was created in response to global concern about surrounding 

environmental pollutants, which would be regulated and known as persistent organic pollutants 

(POPs). POPs are human-made, bioaccumulative, toxic to human health and the environment, 

and undergo long-range transport (United Nations Environmental Program (UNEP), 2018). The 

SC seeks to protect human and environmental health through regulations to reduce 

concentrations of POPs in the environment (UNEP 2018). Signatory parties to the SC are 

responsible for the reduction or elimination of production, use and distribution of the listed 

chemicals. The SC contains two articles that create the framework for research and monitoring 

of listed POPs. Articles 11 and 16 call for research and monitoring of listed POPs and regular 

evaluation of the effectiveness of the SC, respectively. Article 11 calls for research on levels 

and trends in the environment. Together these articles work with the regulation of chemicals 

under the SC to ensure that concentrations of POPs are reduced in the environment. The SC has 

been in place for nearly two decades. Thus, it is a critical time to assess if the SC is effective at 

reducing concentrations of listed POPs in the environment and is achieving the goal of 

protecting human and environmental health.  

Halogenated flame retardants (HFRs) are a group of chemicals, some of which have been 

listed as POPs under the SC since 2009. HFRs are used worldwide to reduce the flammability 
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of objects that they are applied to, and are instrumental in improving fire safety standards 

(UNEP 2017; De Wit 2002). To stop the spread of flames, HFRs work to capture the free 

radicals that are required for flame to propagate (Alaee et al., 2003). However, many HFRs 

are additive, meaning they are physically blended with the product they are added to, rather 

than being chemically bound to the products’ matrix and may escape into the environment 

during their production, incorporation into products, use, and disposal (Kefeni et al., 2011). 

Therefore, urban environments, landfills, and wastewater treatment facilities are large sources 

of HFRs into the environment  (Akortia et al., 2016; Kefeni et al., 2011; Tongue et al., 2019).  

Several polybromodiphenyl ethers (PBDEs) have been regulated under the SC, including 

the commercial mixtures penta-, octa-, and decaBDE. The penta- and octaBDE commercial 

mixtures were nominated for listing under the SC in 2005 and 2006, respectively, and both 

mixtures were listed under the SC in 2009 (POPRC 2005, 2006). DecaBDE was nominated 

later, in 2013, and listed in 2017 (POPRC 2013). PBDEs were among the most abundantly 

used HFRs, and were used in textiles, furniture, and electronics (Kefeni et al., 2011). Each 

commercial mixture comprises different combinations of the potential 209 PBDE congeners, 

each of which has unique molecular structures and properties (De Wit 2002; Alaee et al. 

2003; Figures I1-I2). The pentaBDE commercial mixture was used for circuit boards, cable 

sheets, furniture and textiles, and the OctaBDE mixture was used for televisions, computers, 

small electronics, and household appliances (Kefeni et al., 2011). DecaBDE was primarily 

used for television sets, electronic components, textiles, vehicles, and construction (Kefeni et 

al., 2011).  

Hexabromocyclododecane (HBCDD) is another popular HFR that was nominated to the 

SC in 2008 and subsequently listed in 2013 (POPRC 2008). HBCDD was used for building 
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materials, particularly polystyrene foam for insulation (De Wit 2002; Alaee et al. 2003). Of 

the three enantiomers, a, b and g, the a-enantiomer is more frequently detected in wildlife 

despite the g-isomer being the main component of the technical product (Alaee et al., 2003).   

Dechlorane Plus (DP) is a HFR that was not nominated to the SC until 2019 and is my 

case study for an unregulated HFR during the study period (UNEP 2019). DP is chlorine 

based unlike PBDEs and HBCDD which are bromine based, though they share similar POP 

properties. DP is a relatively new POP of concern, as it was first detected in the environment 

by Hoh et al. in 2004. Since then, it has been detected in abiotic compartments (for example, 

soil and sediment) and wildlife worldwide (Feo et al., 2012; Sverko et al., 2011). It is used in 

electrical wires and coatings, roofing materials, various polymers, and furniture (Sverko et al., 

2011; Wang et al., 2016).  

North American herring gulls (Larus argentatus smithsonianus) have been used to 

monitor concentrations of HFRs in Canadian environments for decades (Hebert et al. 1999). 

Like other seabird species used for monitoring, the overall high trophic position and long 

lifespan of herring gulls make them particularly useful as an indicator species due to 

biomagnification and bioaccumulation of the chemicals in question (Furness and 

Camphuysen, 1997; Hebert et al., 1999). Additionally, their wide distribution allows 

comparison throughout Canada, as well as integrating chemical signatures over a large spatial 

scale (Anderson et al., 2019; Furness and Camphuysen, 1997). They are also resistant against 

contaminants, ensuring their viability as a monitoring species for long periods (Hebert et al., 

1999). Female birds deposit some of their contaminant burden into their eggs, thus, the 

contaminant burden in eggs reflects that of the maternal contaminant burden during egg 
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formation (Verreault et al. 2006; Smythe et al. 2020). Therefore, egg contaminant 

concentrations can be used to reflect trends experienced by the mother and are a low impact 

sampling method.  

In this study, I assess temporal trends in three HFRs in Canadian ecosystems using 

herring gull eggs as biomonitors. The effectiveness of international regulation of PBDEs and 

HBCDD under the SC needs to be assessed in Canadian wildlife to ensure that the input of 

listed chemicals into the environment was limited by the SC, and that chemical concentrations 

declined thereafter. Furthermore, I aim to use trends of DP to contrast trends of regulated 

HFRs and establish baseline trends of DP prior to its regulation under the SC. I used 

breakpoint analysis of general linearized models to answer two questions: Has regulation of 

HBCDD and PBDEs under the SC changed their concentrations in herring gull eggs across 

Canada; In contrast, how has the concentration of DP, which is not regulated by the SC, 

changed over time in herring gull eggs across Canada? I hypothesize that concentrations of 

halogenated flame retardants in herring gull eggs are reduced by 1) nomination of the 

chemical for listing under the SC (H1), or 2) listing of the chemical under the SC (H2), relative 

to the concentrations if no regulation occurred. I predict that if listing a chemical reduces its 

concentrations in herring gull eggs, then trends in concentrations of PBDEs and HBCDD 

would decrease after the year of listing. Alternatively, if nomination of a chemical reduces 

concentrations in the environment, I predict that trends in concentrations of PBDEs and 

HBCDD will decrease after the year of nomination but before the listing. Additionally, I 

predict that trends in concentrations of DP, an unregulated flame retardant, will not have 

decreased in this time frame. 
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2.2 Methods 

2.2.1 Sampling Methods 

Herring gull eggs were collected from 18 colonies across Canada, spanning the 

Laurentian Great Lakes (n = 9 colonies), Niagara River (n = 2), St. Lawrence River (n = 3), 

Atlantic (n = 2), and Arctic (n = 2; Figure 1). The colonies span a latitude from 41.6817 degrees 

(Middle Island) to 64.029 degrees (East Bay) and a longitude from -115.5263 degrees (Great 

Slave Lake) to -52.7728 degrees (Gull Is.).    

Eggs were sampled annually or biannually from 2008 to 2019 (Table 1). Colonies 

sampled under Environment and Climate Change Canada’s Chemicals Management Plan were 

collected every year between 2008 and 2012 and then alternate years thereafter until 2019, 

except for the Arctic colonies, which were sampled in alternate years starting in 2010. The 

colonies that are part of the United States – Canada International Joint Commission were 

sampled every year between 2008 - 2019. As a result, the number of years that each colony was 

sampled ranges between five and 12 years. The only exception is Buffalo Harbor, which was 

only sampled twice when Weseloh Rocks was inaccessible due to high water levels; these two 

colonies are near each other and were treated as one for analyses.  

Each year, colonies in the Great Lakes, St. Lawrence, and Atlantic were sampled between 

late April to early May, and Arctic colonies were sampled in June, based off the timing of 

completion for egg laying. At each colony, a single egg was selected from each of 10 – 15 nests 

with clutches of three eggs. Mass, length and breadth of the individual eggs were measured, and 

volume was calculated according to Harris (1964; Volume = kld2, k = 0.476, l = length, d = 

breadth; Table D1). Eggs were refrigerated until they were sent to the National Wildlife 

Research Centre.  
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At the National Wildlife Research Center (Ottawa, Canada) whole egg contents (yolk and 

albumen) were homogenized using an electric mixer and pooled on an equal wet weight basis. 

Pool sizes ranged between two – 13 eggs, and the number of pools per colony in each year varied 

between one and five. In 2008, eggs from Gull Is., Ile Bellechasse, Ile Deslauriers, and Kent Is. 

were homogenized and analyzed individually. Homogenates were stored at -40°C. 

2.2.2 Chemical Analysis of HFRs in Eggs 

Chemical analyses were carried out by Environment and Climate Change Canada at the 

National Wildlife Research Center. Samples were analyzed for α-HBCDD, 14 PBDE congeners 

(BDE-17, -28, -47, -49, -66, -85, -99, -100, -138, -153, -183, -190 and -209), and syn- and anti-

DP (Figures A1-4) using gas chromatography and mass spectrometry.  

Chemical standards were obtained from Wellington Laboratories (Guelph, Ontario, 

Canada). To measure recovery efficiency, samples were spiked with 2,4,6-tribromodiphenyl 

ether (BDE-30), a congener that was not previously detected in herring gull eggs, and that has 

been used reliably as an internal standard and surrogate for several brominated flame retardants 

and DP (Gauthier et al. 2008). Additionally, BDE-156, 13C10-syn-Dechlorane plus (DDC-CO), 

13C10-anti-DDC-CO, and 13C -BDE-209 were added to the samples to measure recovery 

efficiency.  

Analytical methods for the detection of HBCDD, syn- and anti-DP, and BDE congeners 

are described in Smythe et al (2020; Appendix C). Briefly, approximately 1.0 g (wet weight) of 

thawed homogenate was collected from each egg pool, ground with diatomaceous earth and 

spiked with each internal standard in dichloromethane. The extract was dried and 10% of the 

resulting extract was used for gravimetric lipid analysis, in which the extract was dried and 

weighed. Percent lipid was calculated using the difference in mass (Table D1). High 
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performance gel permeation chromatography in dichloromethane was used to further purify the 

remaining extract.  

To measure all target HFRs in each extract, cleaned sample fractions were analyzed using 

an Agilent 6890 gas chromatograph coupled to a quadrupole mass spectrometer (Aligent 5975C 

MS) in electron capture negative ionization mode (GC/ECNI-MS; De Boer 1999). BDE 

congener quantification was achieved through selected ion monitoring (SIM) for the isotopic 

bromine anions, 79Br- and 81Br-. DP was quantified using the molecular ion (m/z 652). HBCDD 

was quantified as total-a-HBCDD as b- and g-HBCDD residues are thermally isomerized to a-

HBCDD when temperatures exceed 160°C.  

A standard reference material (Lake Michigan fish tissue, National Institute of Standards and 

Technology (NIST) Standard Reference Material©1947) was simultaneously run with the study 

samples to check for background contamination. Method blanks were also processed through the 

extraction and analyses methods to account for background contamination and interference. 

Samples were corrected for potential interference using the associated method blank values. All 

concentrations are expressed as ng/g wet weight. Method limits of detection (MLODs) were 

between 0.0090 and 0.490 ng/g and varied by congener and year (Table E1). Method limits of 

quantification (MLOQ) were based on the criterion that the response of the analyte must be >10 

times the standard deviation of the limit of detection. 

2.2.3 Data Analysis 

Data analyses were carried out in Excel version 16.54 (Microsoft Corp) and R version 3.6.1 

(R Core Team 2019).  

The percentage of samples that had values above the limit of detection (the rate of detection) 

was determined for each measured chemical. If the rate of detection was less than 50%, the 
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chemical was removed from analyses (i.e. BDE – 190; Table F1). To handle values below the 

MLOD in chemicals with detection rates >50% but <100%, a maximum likelihood estimation 

was used (Helsel, 2012). The Excel iterative solver function allows replacement values to be 

generated along a log transformed quantile-normal plot of the population mean and variance, and 

estimates the replacement values based on the proportion of total contamination (de Solla et al., 

2012).   

To analyze trends of the commercial penta- and octaBDE mixtures, lower brominated 

BDE (BDE-17 through BDE-183) congeners were summed due to debromination of higher 

brominated BDE congeners, hereafter referred to as Σ12PBDE. BDE-209 was analyzed separately 

as a proxy for commercial decaBDE, as the commercial product is comprised of >90% BDE-209 

(La Guardia et al., 2006). DP was analyzed as the sum of the syn- and anti-isomers, hereafter 

referred to as ΣDP.  

To determine if egg mass, volume, or percent lipid were correlated with chemical 

concentration, generalized linear models (GLMs) were generated between each of these three 

parameters and concentrations of HBCDD, Σ12PBDE, BDE-209, and ∑DP for each colony. 

Package sjPlot (2.8.9 Ludecke et al. 2021) was used to calculate the pseudo-R2 value, 

R2Nagelkerke. The a was adjusted using the modified False Discovery Rate technique developed 

by Benjamini and Yekutieli (2001) due to the high number of tests (Narum, 2006). Mean values 

for chemical concentration at each colony were also calculated (Table G1). 

To determine trends of concentration over time, GLMs for each colony were generated 

using the R package lme4 (1.1-21 Bates et al. 2015). Concentrations of the flame retardant 

congeners or isomers were the response variables, and collection year was the predictor variable. 



 

31 

 

A log link function was used; thus, slopes are reported as the log transformed values. The a was 

adjusted using the False Discovery Rate technique (Benjamini and Yekutieli, 2001). 

All data were included in the analyses since nearly all samples were pools of >3 

individuals, and often only a single pool existed for a colony each year and represented the 

average value from a group of individual samples. Outliers were determined using a combination 

of visualization through histograms of the distribution of the concentrations, and the 

“influenceIndexPlot” and “outlierTest” in the package car (3.0-6), which provide visualization 

and numeric values for Cooks Distance, Studentized Residuals, and Bonferroni P value 

(Weisberg, 2019). If data points met criteria for removal, they were removed from the dataset for 

secondary analysis. One exception for this was a single pool of 3 eggs in 2017 at Ile Deslauriers, 

which was removed for all HBCDD analyses; for HBCDD, the concentration was more than two 

times the maximum value of all other data, 24x the mean value of HBCDD, and 15 standard 

deviations away from the mean. 

To determine if changes in trends occurred at each of the colonies, breakpoint analysis, 

also known as changepoint or segmented linear regression, was performed on the GLMs using 

the R package segmented (1.3-3 Muggeo 2003). Breakpoints are sudden changes in the slope of 

the GLM allowing for better fit of the model to the data. Here, breakpoints represented the year 

at which the trend of chemical concentration over time changed it’s trajectory. A breakpoint will 

only occur if it significantly improves the fit of the model to the data. There are five possible 

outcomes for the patterns of flame retardant concentrations over time. Thus, the breakpoint 

analyses were categorized as follows: 1) consistent trend (CT): no breakpoint occurred, 2) 

deterioration (D): a breakpoint occurred, and trends of flame retardant concentrations increased 

after the breakpoints, 3) listing-improvement (LI): a breakpoint occurred after the date of listing 
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and trends of flame retardants decreased after the breakpoints, 4) nomination-improvement (NI): 

a breakpoint occurred after the date of nomination and trends of flame retardants decreased after 

the breakpoint, and 5) early improvement (EI): a breakpoint occurred before the date of 

nomination and trends of flame retardants decreased after the breakpoint. Trends were plotted on 

the log scale and used for interpretation, however trends were also plotted on the raw data scale 

(Figures H1-4) to visualize differences among colonies.  

To test the robustness of the analyses, a second set of analyses was run with outliers 

removed. For the secondary analysis, breakpoints were defined as “no change” if the new 

breakpoint rounded to the same year as the previous breakpoint. 
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Table 1. Colony locations and available data for herring gull colonies sampled for HFRs. 

Colonies were sampled between 2008 – 2019 either annually or biannually.  

Region Colony 

Province

/ 

State 

Latitude Longitude 
Years 

Sampled 

Number of Years 

Samples 

Collected 

Arctic 
East Bay NU 64.0297 -81.7880 2010- 2019 7 

Great Slave Lake NT 62.6016 -115.5263 2010-2017 5 

Atlantic 
Gull Is. NL 47.2586 -52.7728 2008 - 2019 9 

Kent Is. NB 44.5833 -66.7540 2008 - 2019 8 

Lake Erie 
Middle Is. ON 41.6817 -82.6817 2008 - 2019 12 

Port Colborne ON 42.8683 -79.2583 2008 - 2019 12 

Lake Huron 
Chantry Is. ON 44.4928 -81.4033 2008 - 2019 12 

Double Is. ON 46.1734 -82.8642 2008 - 2019 12 

Lake 

Ontario 

Hamilton Harbor ON 43.3070 -79.8048 2008 - 2019 12 

Snake Is. ON 44.1908 -76.5431 2008 - 2019 12 

Toronto Harbor ON 43.6214 -79.3313 2008 - 2019 12 

Lake 

Superior 

Agawa Rocks ON 47.3508 -84.7007 2008 - 2019 12 

Granite Is. ON 48.7204 -88.4602 2008 - 2019 12 

Niagara 

River 

Weseloh Rocks ON 43.0754 -79.0701 2008 - 2015 8 

Buffalo Harbor NY 42.8843 -78.9009 2018 – 2019 2 

St. Lawrence 

River 

Ile Bellechasse QC 46.9314 -70.7672 2008 - 2019 9 

Ile Deslauriers QC 45.7122 -73.4408 2008 - 2019 9 

Strachan Is ON 45.0211 -74.8115 2008 - 2019 12 
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Figure 2. Locations of Canadian herring gull colonies where eggs were collected between 2008 and 2019 (1: Great Slave Lake, 2: East Bay, 3: 

Granite Is., 4: Agawa Rocks, 5: Double Is., 6: Chantry Is., 7: Middle Is., 8: Port Colborne, 9: Buffalo Harbor, 10: Weseloh Rocks, 11: Hamilton 

Harbour, 21: Toronto Harbour, 13: Snake Is., 14: Strachan Is., 15: Ile Deslauriers, 16: Ile Bellechasse, 17: Kent Is., and 18: Gull Is.). Colors refer 

to the region or waterbody in which colonies are found. From left (west) to right (east): the Arctic (light blue), Lake Superior (green), Lake Huron 

(orange), Lake Erie (yellow), Niagara River (purple), Lake Ontario (dark blue), St. Lawrence River (pink), and the Atlantic (grey).
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2.3 Results 

2.3.1 Egg Volume, Lipid, and Mass 

No significant relationships were found between egg volume or mass and chemical 

concentration. However, significant relationships were found between egg percent lipid and 

concentrations of ∑12PBDEs, BDE-209, and ∑DP at a few colonies (Table I1). At Hamilton 

Harbour, egg percent lipid was positively correlated with concentrations of ∑12PBDE (R2 

Nagelkerke = 0.36, p = 9.03 x 10-3) and BDE-209 (R2 Nagelkerke = 0.42, p = 4.05 x 10-3). 

Additionally, egg percent lipid was positively correlated with ∑DP at Agawa Rocks (R2 

Nagelkerke = 0.27, p = 3.17 x 10-3) and Ile Bellechasse (R2 Nagelkerke = 0.55, p = 1.26 x 10-6), 

and negatively correlated with ∑DP concentration at Great Slave Lake (R2 Nagelkerke = 0.42, p  

= 2.99 x 10-3). No relationships were found between egg percent lipid and concentrations of 

HBCDD. 

2.3.2 HBCDD 

Two models followed the nomination-improvement trend pattern for HBCDD 

concentrations and were statistically significant (p < 0.014), supporting my second hypothesis. 

These two models were generated for concentrations of HBCDD over time at Gull Is. (t = 2.86, p 

= 6.53 x 10-3) and Ile Bellechasse (t = 2.98, p = 4.85 x 10-3): concentrations first increased at 

rates of 0.70 and 0.55 ng g-1 year-1, respectively (Figure 2, Table 2); breakpoints occurred in 2011 

for both models; and concentrations of HBCDD subsequently decreased at rates of -0.10 and -

0.23 ng g-1 year-1.  

I found no evidence to support my second hypothesis that listing a flame retardant under 

the SC reduces concentrations of HBCDD in herring gull eggs. Models of HBCDD trends 
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followed deterioration patterns at Great Slave Lake (t = -2.86, p = 0.01, Table 2), contradicting 

my hypotheses. At Great Slave Lake concentrations of HBCDD increased at 0.99 ng g-1 year-1 

before the breakpoint at 2011 and increased by 0.19 ng g-1 year-1 after. The remaining 13 of 16 

models of trends of HBCDD were not statistically significant (p > 0.014) and thus do not support 

either hypothesis.  

After removal of outliers, only the model generated for concentrations of HBCDD at Gull 

Is. was statistically significant (t = 2.74, p = 8.99 x 10-3); it followed a nomination-improvement 

pattern with the breakpoint still occurring at 2011, continuing support for my first hypothesis 

(Table J1; Figure J1). However, the other model that supported my first hypothesis, which was 

for HBCDD concentrations at Ile Bellechasse, was no longer significant once outliers were 

removed. Like results from the original analyses, the remaining models were not statistically 

significant. 

2.3.3 Lower Brominated BDEs 

No models of trends of ∑12PBDEs were statistically significant (p > 0.014), and therefore 

did not support my hypotheses (Figure 3, Table 2). When outliers were removed, the GLM for 

Strachan Is. was statistically significant (t = -5.17, p = 3.10e-3; Table J1) and fit the consistent 

trend pattern, contradicting my hypotheses (Figure J2). This differs from the original analysis 

where no models were significant. However, neither method of analysis provided support for my 

hypotheses.  

2.3.4 BDE-209 

Only one model of BDE-209 trends was statistically significant; it followed the early 

improvement pattern and thus contradicted both my hypotheses. At Ile Bellechasse, 
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concentrations increased at a rate of 3.01 ng g-1 year-1 and then decreased at a rate of -0.12 ng g-1 

year-1 after the breakpoint at 2008.  

No models were statistically significant when outliers were removed from BDE-209 

concentrations, contradicting my hypotheses (Table J1, Figure J3). This differs from the original 

findings, where only one model was statistically significant; however, it does not change the 

overall finding of no support for my hypotheses.  

2.3.5 DP 

Only one model for ∑DP concentrations over time supported my first hypothesis, which 

followed the consistent trend pattern (Figure 5, Table 3). This was the model for ∑DP 

concentrations at Ile Deslauriers which significantly increased in herring gull eggs at a rate of 

0.13 ng g-1 year-1 throughout the study period (t value = 4.397, p = 9.32 x 10-3).  

The model for ∑DP concentrations at Ile Deslauriers was the only other statistically 

significant model (t value = 4.40, p = 9.32 x 10-3) and followed the consistent trend pattern, 

supporting both hypotheses. At Ile Deslauriers, concentrations of ∑DP increased at a rate of 3.01 

ng g-1 year-1. Trends of ∑DP in herring gull eggs followed the early-improvement pattern in three 

models, contradicting both hypotheses. These models were generated for ∑DP trends at Gull Is. 

(t value = 2.75, p = 8.52 x 10-3), Double Is. (t value = 3.69, p = 4.18 x 10-3) and Ile Bellechasse (t 

value = 5.54, p = 1.61 x 10-6), and had breakpoints between 2011 and 2014. Concentrations 

before the breakpoint increased at rates between 0.41 and 0.47 ng g-1 year-1 and decreased at 

rates between -0.33 and -0.46 ng g-1 year-1 after.  

After removal of outliers, two models were statistically significant. Both followed the 

early improvement pattern, contradicting my hypotheses (Table J1). These were the models for 

∑DP concentrations at Ile Deslauriers and Ile Bellechasse, and had breakpoints of 2014 ng g-1 
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year-1 and 2009 ng g-1 year-1, respectively. Concentrations of ∑DP at Ile Deslauriers and Ile 

Bellechasse increased at rates of 0.15 and 1.68 before the breakpoints and subsequently 

decreased at rates of -0.09 ng g-1 year-1 and -0.12 ng g-1 year-1, respectively. Both models for Ile 

Deslauriers were significant but contradicted the hypotheses once outliers were removed, where 

the model for this colony had supported the hypotheses in the original analyses. No breakpoint 

occurred in the original model, but once outliers removed a breakpoint occurred at 2014, and the 

trend pattern assignment changed from consistent trend to early-improvement (Figure J4).  
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Table 2. Dates of breakpoints, and slopes (log ng g-1 year-1) of generalized linear models for HBCDD, ∑12PBDE, BDE-209 and DP 

concentrations in herring gull eggs between 2009 – 2019 in sampled colonies. Significant models are denoted by an asterisk (*) next to the 

Pr(>|t|) value and are assigned a trend pattern. Trend pattern abbreviations are as follows: early improvement (EI), listing-improvement (LI), 

nomination-improvement (NI), deterioration (D), or consistent trend (CT).  

Flame 

Retardant 
Region Colony 

Breakpoint (± 

SE) 

Slope Before 

Breakpoint (± SE) 

Slope After 

Breakpoint (± SE) 
T value Pr(>|t|) 

Trend 

Pattern 

HBCDD 

Arctic 
East Bay 2017 (± 0.98) 0.10 (±0.16) -0.71 (0.30) 0.63 0.54  

Great Slave Lake 2011 (± 0.50) -0.99 (±0.35) 0.03 (0.09) -2.83 1.12 x 10-2* D 

Atlantic 
Gull Is. 2011 (± 0.81) 0.70 (±0.25) -0.10 (0.06) 2.86 6.53 x 10-3* NI 

Kent Is. 2015 (± 1.53) 0.02 (±0.09) -0.38 (0.15) 0.25 0.80  

Lake Erie 
Middle Is. 2016 (± 1.31) 0.12 (±0.09) -0.38 (0.26) 1.28 0.23  

Port Colborne 2010 (± 0.88) 1.45 (± 0.99) -0.12 (0.08) 1.46 1.82  

Lake 

Huron 

Chantry Is. 2010 (± 1.16) 0.63 (± 0.54) -0.13 (0.04) 1.17 0.27  

Double Is. 2010 (± 1.56) 0.49 (±0.55) -0.09 (0.04) 0.89 0.40  

Lake 

Ontario 

Hamilton Harbor 2010 (± 1.25) 0.71 (±0.65) -0.08 (0.04) 1.09 0.29  

Snake Is. 2010 (± 0.70) 1.65 (±0.92) -0.22 (0.07) 1.80 0.11  

Toronto Harbor 2012 (± 0.99) -0.25 (±0.15) 0.19 (0.10) -1.65 0.11  

Lake 

Superior 

Agawa Rocks 2015 (±5.96) 0.06 (±0.04) -0.01 (0.12) 1.44 0.16  

Granite Is. 2010 (± 2.29) 0.64 (± 1.08) -0.02 (0.08) 0.60 0.57  

St. 

Lawrence 

Ile Bellechasse 2011 (± 0.91) 0.55 (±0.18) -0.23 (0.11) 2.978 4.85 x 10-3* NI 

Ile Deslauriers 2011 (± 1.20) 0.19 (±0.14) -0.16 (0.05) 1.29 0.21  

Strachan Is 2010 (±0.60) 0.61 (±0.27) -0.14(0.05) 2.24 0.05  
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∑12PBDE 

Arctic 
East Bay 2017 (±2.21) 0.07 (±0.09) -0.20 (±0.25) 0.77 0.45  

Great Slave Lake 2012 (± 1.82) 0.34 (±0.55) -0.18 (±0.11) 0.62 0.54  

Atlantic 
Gull Is. 2009 (± 0.86) 0.42 (±0.34) -0.08 (±0.04) 1.23 0.22  

Kent Is. 2015 (± 1.84) -0.04 (±0.08) -0.32 (±0.13) -0.48 0.64  

Lake Erie 
Middle Is. 2017 (± 6.13) -3.0e-3 (±0.03) 0.12 (±0.47) -0.06 0.95  

Port Colborne 2010 (±0.46) 0.31 (± 0.22) 0.01 (± 0.05) 1.42 0.19  

Lake 

Huron 

Chantry Is. 2009 (± 0.34) 0.94 (±0.36) -0.08 (±0.03) 2.63 0.03  

Double Is. 2017 (± 2.09) 0.02 (± 0.03) 0.36 (± 0.48) 0.54 0.60  

Lake 

Ontario 

Hamilton Harbor 2015 (±2.19) 0.06 (±0.07) -0.09 (±0.05) 0.90 0.38  

Snake Is. 2010 (± 1.47) 0.15 (± 0.17) -0.06 (±0.03) 0.85 0.42  

Toronto Harbor 2014 (±1.10) -0.12 (±0.05) 0.13 (±0.07) -2.50 0.02  

Lake 

Superior 

Agawa Rocks 2015 (±2.91) 0.05 (±0.07) -0.06 (±0.07) 0.72 0.48  

Granite Is. 2015 (± 1.45) 0.07 (± 0.02) -0.06 (± 0.07) 3.04 0.02  

St. 

Lawrence 

Ile Bellechasse 2011 (±0.97) 0.28 (±0.15) -0.12 (±0.04) 1.93 0.06  

Ile Deslauriers 2014 (±3.80) -0.21 (± 0.22) 0.04 (±0.03) -0.99 0.33  

Strachan Is 2010.8 (±1.98) 0.05 (±0.10) -0.06 (±0.02) 0.45 0.66  

BDE-209 

Arctic 
East Bay 2017 (±1.32) 0.07 (±0.13) -0.60 (±0.38) 0.56 0.58  

Great Slave Lake 2014 (± 1.94) -0.55 (± 0.24) -0.10 (± 0.24) -2.35 0.03  

Atlantic 
Gull Is. 2009 (±0.64) 0.65 (±0.41) -0.04 (±0.04) 1.57 0.12  

Kent Is. 2015 (±2.97) 0.01 (± 0.08) -0.29 (± 0.14) 0.12 0.91  

Lake Erie 
Middle Is. 2016 (±1.66) 0.05 (±0.10) -0.37 (±0.27) 0.51 0.62  

Port Colborne 2015 (±1.61) 0.19 (±0.09) -0.28 (±0.26) 2.04 0.07  

Lake 

Huron 

Chantry Is. 2016 (±2.03) 0.04 (±0.07) -0.19 (±0.19) 0.53 0.61  

Double Is. 2016 (±4.76) 0.08 (±0.06) -0.05 (±0.28) 1.20 0.26  
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Lake 

Ontario 

Hamilton Harbor 2015 (± 1.59) 0.16 (±0.12) -0.20 (±0.09) 2.23 0.04  

Snake Is. 2015 (± 2.16) 0.25 (±0.15) -0.17 (±0.26) 1.65 0.13  

Toronto Harbor 2013 (± 3.46) -0.08 (±0.14) 0.04 (±0.09) -0.61 0.55  

Lake 

Superior 

Agawa Rocks 2015 (± 2.21) 0.08 (±0.09) -0.12 (±0.10) 0.85 0.40  

Granite Is. 2014 (± 3.50) 0.08 (±0.09) -0.10 (±0.16) 0.87 0.41  

St. 

Lawrence 

Ile Bellechasse 2008 (± 0.10) 3.01 (± 1.09) -0.12 (± 0.04) 2.77 8.17 x 10-3* EI 

Ile Deslauriers 2015 (± 2.21) 0.07 (0.09) -0.12 (± 0.10) 0.85 0.40  

Strachan Is 2012 (± 6.39) 0.075(± 0.19) -0.01 (± 0.06) 0.39 0.71  

∑DP 

Arctic 
East Bay 2016 (±1.80) 0.22 (±0.18) -0.51 (±0.52) 1.193 0.24  

Great Slave Lake 2016 (±0.70) -0.62 (±0.36) 1.59 (±0.75) -1.744 0.10  

Atlantic 
Gull Is. 2011 (±0.77) 0.45 (±0.17) -0.21 (±0.08) 2.749 8.52 x 10-3* EI 

Kent Is. 2011 (± 0.89) 0.57 (± 0.31) -0.33 (± 0.07) 1.836 0.07  

Lake Erie 
Middle Is. 2015 (±2.07) 0.2 (±0.20) -0.29 (±0.27) 2.71 0.02  

Port Colborne 2015 (±1.33) 0.22 (±0.13) -0.37 (±0.22) 1.663 0.13  

Lake 

Huron 

Chantry Is. 2015 (±0.87) 0.06 (±0.05) -0.40 (±0.15) 1.144 0.28  

Double Is. 2014 (±0.89) 0.41 (±0.11) -0.41 (±0.189) 3.689 4.18 x 10-3* EI 

Lake 

Ontario 

Hamilton Harbor 2012 (±1.08) 0.26 (±0.20) -0.33 (±0.08) 1.272 0.22  

Snake Is. 2011 (±3.40) 0.59 (±0.10) -0.09 (±0.18) 1.799 0.11  

Toronto Harbor 2011 (±0.84) 0.29 (±0.17) -0.10 (±0.06) 1.717 0.10  

Lake 

Superior 

Agawa Rocks 2015 (±1.33) 0.16 (±0.08) -0.40 (± 0.22) 2.137 0.04  

Granite Is. 2015 (± 0.94) 0.16 (± 0.08) -0.38 (± 0.14) 1.981 0.08  

Niagara 

River 

Buffalo Harbour/Weseloh 

Rocks 
2011 (± 1.55) 0.43 (± 0.41) -0.09 (± 0.08) 1.068 0.33  

Ile Bellechasse 2014 (±0.67) 0.47 (±0.09) -0.46 (±0.14) 5.537 1.61 x 10-6* EI 
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St. 

Lawrence 

Ile Deslauriers NA 0.13 (± 0.03) NA 4.397 9.32 x 10-5* CT 

Strachan Is 2011 (±0.71) 0.42 (±0.17) -0.20 (±0.06) 2.451 0.03  
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Figure 3. Trends and breakpoints for HBCDD concentration (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019. The year of nomination of HBCDD to Annex A of the Stockholm Convention 

(2008) is shown as a dotted vertical line, and the year of listing (2013) is shown as a solid 

vertical line. Models that are statistically significant are denoted by an asterisk (*) beside the 

colony name.  
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Figure 4. Trends and breakpoints for ∑12PBDE concentration (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019. ∑12BDE is the sum of the following tri – hepta BDE congeners: BDE-17, -28, 

-47, -49, -66, -85, -99, -100, -138, -153, -154, and -183. The year of addition of penta- and 

octaBDE to Annex A of the Stockholm Convention (2009) is shown as a solid vertical line. No 

models were statistically significant. Note that Y axis scales differ among plots. 
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Figure 5. Trends and breakpoints for BDE-209 concentration (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019. The year of nomination of decaBDE to Annex A of the Stockholm Convention 

(2013) is shown as a dotted vertical line, and the year of listing is shown as a solid vertical line. 

Models that were statistically significant are denoted by an asterisk (*) beside the colony name. Note 

that Y axis scales differ among plots. 
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Figure 6. Trends and breakpoints for ∑DP concentrations (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019. The year of nomination for DP to annex A of the Stockholm Convention 

(2019) is shown as a dotted vertical line. Models that were statistically significant are denoted by 

an asterisk (*) beside the colony name. Note that Y axis scales differ among plots. 
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2.4 Discussion 

Significant models with breakpoints of flame retardant concentrations over time only 

occurred in a few cases, lending little support to my hypothesis that nomination of a chemical for 

listing under the SC reduces its concentrations in herring gull eggs, and no support for my 

second hypothesis that listing of a chemical under the SC reduces its concentrations in herring 

gull eggs. These findings show that overall, concentrations of HFRs in herring gull eggs did not 

decrease due to regulations under the SC between 2008 – 2019. This indicates that other factors 

are contributing to the lack of changes in concentration during this period. Below I discuss the 

potential influences on flame retardant concentrations in the environment and herring gull eggs, 

including listing and nomination under the SC, production and usage, global stockpiles, 

proximity to urban centers, biological factors, and the use of pooled samples.  

2.4.1 Effectiveness of Nomination and Listing Under the SC 

At two colonies - Gull Is. and Ile Bellechasse – concentrations of HBCDD over time 

followed a nomination-improvement model of change in concentrations over time, indicating 

that nomination catalyzes trend changes in flame retardants in herring gull eggs and supports my 

first hypothesis. One other model supported this hypothesis, which was for ∑DP concentrations 

at Ile Deslauriers, which increased throughout the study period following the consistent trend 

pattern. This model supports the hypotheses that concentrations are reduced by nomination or 

listing of DP to the SC, since concentrations continued to increase in the absence of regulation. 

In contrast, despite nomination of DP occurring at the very end of this study, three 

models of DP concentrations in herring gull eggs followed the early improvement pattern (Gull 

Is., Chantry Is., and Ile Bellechasse), indicating that other factors are driving decreases of DP in 

the environment before nomination. Additionally, one model for concentrations of BDE-209 



 

48 

 

followed the early improvement pattern, which was for concentrations of BDE-209 at Ile 

Deslauriers. These results contradict the first hypothesis that nomination reduces concentrations 

in the environment, as reductions occurred in the absence of nomination. These results were 

unexpected as DP has not been phased out so its production, use, distribution, and subsequent 

release into the environment were expected to continue at increasing levels, particularly 

following listing of other flame retardants under the SC (UNEP 2019).  

For trends of ∑12PDBE, the time frame of my study followed nomination dates for penta- 

and octaBDE which may result in earlier changes due to the nomination date being missed in my 

study. The commercial mixtures of penta- and octaBDE were nominated in 2005 and 2006, 

respectively, and both chemicals were listed in the SC in 2009 (POPRC 2005, 2006). Several 

studies found rapidly declining trends of PBDEs in the early 2000s followed by relatively stable 

concentrations into the 2010s; however, concentrations typically began declining before the 

nomination date coinciding with voluntary phase out of these products (Braune et al., 2015b; 

Zhou et al., 2019). Given the limited time frame in this study, changes in concentrations may 

therefore have been missed. Additionally, this shortened time frame may not have provided 

enough baseline data before the date of listing to detect significant changes in trends of PBDEs 

in herring gull eggs.  

Previous studies found that national regulations are more influential on concentrations 

and trends of POPs in the environment than regulation under the SC (Hung et al., 2016a; 

Wöhrnschimmel et al., 2016). One limitation of my study is that I am not able to disentangle 

effects of national regulations by Canada or the United States from effects due to regulation 

under the SC during this time. Most PBDEs were regulated in Canada and the United States in 

2008 and 2004, respectively, before addition to the SC (USEPA, 2012; ECCC, 2020). This is 
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before the timeframe of my study and so concentrations seen during my study may represent 

annual fluctuations following an initial decline. A joint agreement between Canada and the 

United States resulted in decaBDE being phased out of production by the end of 2012 

(Environment and Climate Change Canada, 2020). This regulation may complicate my results, as 

nomination to the SC occurred one year later, in 2013, and listing occurred in 2017. Nonetheless, 

decreases in BDE-209 were only seen at one colony and the breakpoint for that model occurred 

much earlier than any of those regulatory measures, indicating that factors other than regulation 

are contributing to declines. HBCDD was regulated in 2016 in Canada, three years after listing 

under the SC (Government of Canada, 2020). In the United States, HBCDD regulations exist in 

only a few states (Sharkey et al., 2020). Lack of regulation in the United States may contribute to 

the absence of decreases in HBCDD concentrations in Canadian herring gull eggs, despite 

regulation under the SC and in Canada. Long range transport through the atmosphere and 

waterbodies would allow even remote Canadian regions to be affected by production and use of 

HBCDD in the United States. Additionally, the Laurentian Great Lakes and the St. Lawrence 

River share borders with Canada and the United States, and thus are influenced by chemical 

production and use on both sides. Dechlorane Plus has not been regulated in Canada and the 

United States at the time of writing. However, it is currently being considered as a chemical of 

mutual concern under the Great Lakes Water Quality Agreement, which would see a joint 

strategy developed between Canada and the United States to regulate DP (Government of 

Canada, 2018). 

Similar to my results, trends of some POPs are relatively unchanged in recent decades 

despite efforts to reduce their presence (Ma et al., 2013; White et al., 2021). Similar to White et 

al. (2021), PBDEs in my study did not show significant decreases over time, indicating that 
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regulation under the SC has not affected concentrations of these flame retardants in the 

environment. Hites (2019) reported similar findings for several POPs listed under the SC, 

including chlordanes, dicholordiphenyltrichloroethane (DDT), and alpha-hexachlorohexane (a-

HCH), which did not show patterns indicative of an effective regulation by the SC. Instead, the 

rates of loss of these chemicals from the environment decreased in the 2000s compared to the 

1990s. However, Hites did note that other POPs, including endosulfans and polychlorobiphenyls, 

followed patterns indicative of regulation by the SC being effective. These findings suggest that 

the SC may be effective for some POPs, but not others.  

Previous studies found increasing concentrations of HFRs in avian species and their eggs 

in the 1990s and early 2000s throughout Canada (Gauthier & Letcher, 2009; Braune et al., 

2015b). In many cases, declines in concentrations the HFRs observed in my study occurred in 

the early 2000s (Gauthier et al., 2007; Miller et al., 2014) and plateaued thereafter (Braune et al., 

2015b). These findings further support that the SC has not reduced concentrations of the HFRs 

observed during my study, and rather earlier efforts to reduce their presence in the environment 

may have been more effective. Additionally, POPs are by definition persistent, thus may take 

several decades to be removed from the environment (Hites et al., 2021). As such, the first few 

years following regulation under the SC may not be a sufficient time frame to determine if 

regulation under the SC effectively reduces or removes these chemicals from the environment, as 

in my study. A longer timeframe may be required before concentrations of HFRs significantly 

decline in Canadian herring gull eggs in response to management under the SC. 

2.4.2 Production and Usage of HFRs 

The influx of POPs to the environment is largely influenced by their production and 

usage. Worldwide, production of HBCDD peaked in 2013, and rapidly declined thereafter (Li 
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and Wania, 2018). Li and Wania (2018) found that global emissions followed a similar pattern to 

production and usage, with rapid decreases in emissions coinciding with the end of production of 

commercial HBCDD. However, the g-stereoisomer declined very slowly, representing the strong 

persistence of the g-stereoisomer in the environment. In my study, GLMS of HBCDD 

concentration over time in herring gull eggs were mainly non-significant which may be 

attributed to opposing effects of high production volumes and regulatory efforts.  

Production of PBDEs peaked before the study period and therefore, trends and changes in 

concentrations in herring gull eggs that correspond to these peaks may be missed. The annual 

production of all PBDEs peaked in 2003, though the global consumption of penta- and octaBDE 

peaked in 1997 and 2003, respectively (Abbasi et al., 2019). PBDE use mainly occurred in North 

America, and large volumes of in-use and waste stocks are found within the continent, providing 

ongoing emission sources (Abbasi et al., 2015). This continued emission might contribute to 

non-significant trends in ∑12PBDEs in my study. The timeframe analyzed in this study may have 

prevented the detection of earlier, more substantial changes in concentrations of PBDEs in 

herring gull eggs, as peak production occurred several years before measurements started. 

However, an important consideration of these findings is the lack of decreasing trends at some 

colonies nearly two decades after peak production, indicating that the end of production does not 

dictate consistent declines in the environment, as stockpiles of in-use and waste stocks continue 

to emit PBDEs into the environment. Additionally, the lack of statistically significant evidence 

for declines in PBDES in herring gull eggs suggests that the SC is not an effective regulatory 

measure against the persistence and ongoing presence of these flame retardants in the 

environment, even decades after their peak production.  
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Global consumption of decaBDE peaked in 2003, and emissions peaked in 2008 (Abbasi 

et al., 2019). Like most PBDEs, consumption of decaBDE occurred mainly in North America. 

The timeframe for my analysis does not include the peak global consumption for decaBDE. Peak 

emissions occurred in the same year as the beginning of my study, therefore, earlier changes in 

trends may be obscured. Only one model was significant for BDE-209 concentrations, and 

interestingly had a breakpoint of 2008.2. This indicates that at this colony, concentrations of 

BDE-209 and changes in their trends reflect emission patterns.  

Global production of DP ranges between 750 and 6000 tones per year, with production in 

North America averaging 1430 tones annually since 1986 (Hansen et al., 2020). There is little 

information on specific annual production and usage volumes. Three models of ∑DP 

concentrations over time followed the early improvement pattern, indicating decreases in 

concentrations before nomination to the SC. However, without specific data on DP production 

and usage, it is difficult to determine if these results are due to changing patterns in production or 

usage, changing emissions patterns, or other biological factors that affect herring gull exposure 

to DP.      

Parties to the SC may apply for specific exemptions to be able to continue production and 

use of chemicals listed in Annex A. Therefore, emissions of these chemicals are not terminated 

at the date of listing in the SC worldwide and may take several years after listing to show 

declines in different regions. Canada has not applied for exemptions for these products and 

therefore, production, usage, and resulting emissions would cease following the listing of 

chemicals under the SC. Some examples of exemptions include HBCDD production and use in 

extruded polystyrene, which occurred in some countries until 2020 and is ongoing in China 

(UNEP 2019c). Additionally, some countries have applied for exemptions for pentaBDE 
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production and use with no known expiry date. Thus, production and use is ongoing in Turkey, 

the Republic of Korea, Japan, and Brazil (UNEP 2019). Additionally, the United States has not 

ratified the SC and is therefore not bound to its policy, allowing for continued use and 

production of POPs regulated by the SC (Sharkey et al., 2020). The long-range transport of POPs 

means that continued production in countries with exemptions will affect concentrations in 

regions outside those countries.  

2.4.3 Continued Emission of HFRs 

Though listing a chemical under Annex A of the SC stops its production, distribution, and 

use among the signatory parties, this does not eliminate existing stockpiles of these chemicals or 

household items, waste management facilities, and environmental reservoirs that contain them. 

Hites et al. (2021) use the term “temporal environmental hysteresis” to describe the time for a 

pollutant’s concentration to reach zero in the environment. Temporal environmental hysteresis 

explains the continued presence of POPs in the environment after their regulation, as 

concentrations do not suddenly drop to zero, but rather slowly decline over several decades. 

Hites et al. found that hysteresis of PBDEs and most other POPs occur on the order of decades. 

Temporal environmental hysteresis may contribute to the lack of declines in HFR concentrations 

in my study, as the first few years following regulation may not be enough time for significant 

declines. 

 Large reservoirs of regulated flame retardants also exist in sediment, largely due to the 

hydrophobicity of POPs, and may be periodically released and resuspended in the water column 

if sediment is disturbed (Ross et al., 2009). For example, large reservoirs of BDE-209 can exist 

in sediment, and studies have shown that it de-brominates to lower brominated congeners, such 

as those associated with penta- and octaBDE commercial mixtures (Orihel et al., 2016; Ross et 
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al., 2009). However, the debromination process is very slow in sediment, indicating that these 

reserves of BDE-209 are stable for long periods of time, and provide a long-term source for 

lower brominated PBDE congeners. This is reflected by the lack of decreasing trends in 

∑12PBDEs despite their regulation. Global production and use rapidly decline towards zero for 

octa- and pentaBDE after 2009 and decaBDE post 2017 (Abbasi et al., 2019). This indicates that 

continued emissions from stockpiles, in-use products, and waste are contributing to 

concentrations still increasing in the food web of herring gull eggs. 

 Emissions from stockpiles and reservoirs are expected to continue for other flame 

retardants as well. Li and Wania (2018) found that emissions of HBCDD will likely last for the 

remainder of the century. However, they noted a sudden and substantial change in the amount of 

emissions in approximately 2013, with emissions spiking before that date and then declining 

after. This reflects changes in the sources of these emissions, from production and use of the 

chemicals to stockpiles and reserves of items containing these chemicals. Little is known about 

stockpiles and in use products that contain DP; however, it has been found in sediment cores in 

regions far production facilities, and modelling suggests similar persistence to other listed POPs 

under the SC (POPRC 2020; Wang et al., 2016). Therefore, emissions for this flame retardant 

will likely continue after its regulation, like other listed HFRs.    

2.4.4 Proximity to Urban Centers 

Urban environments have large stores of POPs due to human activity and provide an 

ongoing source of HFRs to the environment for decades to come (Abbasi et al., 2015). 

Atmospheric concentrations of POPs are related to human population density, as regions with 

higher population density such as cities have higher concentrations of POPs in the environment 

than rural or remote areas (Ma et al., 2013). While long range atmospheric transport may take 
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days to weeks, transport through ocean currents occurs on the scale of years to decades; 

therefore, a longer lag of deposition of POPs to remote regions through oceans is expected 

(Grannas et al., 2013). For example, Ma et al. (2013) noted that BDE-47 decreased in cities but 

not in remote areas, reflecting long range transport and the resulting lag in declines of 

concentrations in remote regions. 

 In my study, trends of HFRs relating to proximity to urban center varied. For example, 

trends of ∑DP at three colonies followed early improvement patterns, however, one colony is 

much closer to an urban center than the other two. Ile Bellechasse is near Quebec City (QC), 

whereas Gull Is. and Double Is. are in the Atlantic offshore Newfoundland and on Lake Huron 

respectively, relatively far from any large metropolitan area. Additionally, breakpoints in the 

models for ∑DP concentrations at these three colonies ranged between 2011 and 2014. This 

variability between these colonies coupled with the lack of declines at the remaining colonies 

suggests each is exposed to a unique chemical signature, and that proximity to urban center is not 

the main factor influencing changes. 

On the other hand, proximity to urban center may influence mean concentrations of HFRs 

seen at each colony. Colonies nearest urban centers (for example, Hamilton Harbour, Toronto 

Harbour, Ile Deslauriers) regularly had higher concentrations of all measured flame retardants, 

compared to colonies at more remote sites such as East Bay and Gull Is. (Table G1). In some 

cases, concentrations were orders of magnitude larger at urban compared to remote sites. For 

example, mean ∑12PBDE concentration throughout the study period was 62.63 ng/g at East Bay 

and 646.19 ng/g at Ile Deslauriers.  
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2.4.5 Biological Factors Affecting HFR Concentrations 

Using wildlife as biomonitors for chemicals in the environment requires considerations of 

these animals’ ecology. Biomagnification of POPs through food webs allows easy detection of 

these contaminants in high trophic levels. Changes in the trophic level at which organisms feed 

will influence the concentrations of contaminants that bioaccumulate. For example, Hebert et al. 

(2000) noted that herring gull exposure to PCBs increased with the proportion of fish in their 

diet, and Braune et al. (2015a) found that adjusting for changes in stable isotope values affects 

the estimated rate of change for POPs in seabird eggs. I could not correct the concentrations of 

HFR chemicals in herring gull eggs for trophic level, as baseline d15N data was unavailable for 

the ecosystems surrounding the herring gull colonies in my study. Regardless, diet change 

remains an important consideration, and I cannot rule out that trends of HFRs in my study were 

not related to dietary changes in the gulls. Future studies should work to integrate trophic level 

and dietary fluctuations to represent trends of contaminants more accurately in herring gull eggs.  

Using avian eggs for monitoring has proved to be a reliable and low impact method for 

monitoring chemicals in the environment, though several factors may influence the contaminant 

burden of an egg, including the morphology and lipid content of the egg (Furness and 

Camphuysen, 1997; Hebert et al., 1999). My results indicate that egg volume and mass were not 

significantly correlated with chemical concentration, though a few exceptions for egg lipid were 

found. Many environmental and biological factors influence egg quality and the amount of lipid 

in the egg, including food quality and availability, age of parents, body condition, and population 

density (Bennett et al., 2017; Coulson et al., 1982). Positive correlations between egg percent 

lipid and chemical concentration occurred at some colonies in the present study, which was not 

surprising since HFRs and other POPs are lipid soluble. However, a significant negative 
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relationship occurred between egg lipid and ∑DP concentration at Great Slave Lake. While this 

could reflect decreasing contaminant burdens alongside annual variations in lipid content, it 

could also indicate improved egg quality without the increased biomagnification of HFRs 

through the diet, for example, with increasing parental age (Coulson et al., 1982). 

The proportion of endogenous or exogenous lipids used in egg formation will also 

influence chemical signatures, as endogenous lipids hold chemicals obtained at the overwintering 

grounds while exogenous lipids hold chemicals obtained at the breeding grounds (Hario et al., 

1991). One study found that female herring gulls lose more weight during egg formation and 

laying than they gain after arriving at the breeding colony, indicating that at least some 

endogenous lipid is used for egg formation (Hario et al., 1991). However, a study of herring 

gulls at Great Slave Lake found that little or no endogenous reserves were used for reproduction 

(Hobson et al., 2000). This indicates that egg formation strategy across herring gull colonies and 

subpopulations may not be uniform. Variability in egg formation strategy is an important 

consideration when interpreting monitoring results using herring gulls and their eggs, as the 

spatial scale that results represent may be different among colonies. Thus, migration and local 

contaminant signatures at overwintering grounds are important considerations for monitoring 

programs using these highly mobile animals.  

Findings on the influence of overwintering grounds on chemical signature in avian tissues 

have been mixed. For example, Miller et al. (2020) found no influence of overwintering location 

on plasma concentrations of PBDEs and non-PBDE HFRs in ancient murrelets 

(Synthliboramphus antiquus). In contrast, Leat et al. (2013) found a significant effect of 

overwintering area on plasma concentrations of PBDEs in great skuas (Stercorarius skua), 

though this effect was small in comparison to the differences attributed to exposure at breeding 
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colonies. Additionally, a study on Great Lakes herring gulls found that overwintering distribution 

influenced organochlorine concentration in eggs (Hebert, 1998). This indicates that migration 

and overwintering distribution have some influence on chemical concentrations in herring gull 

eggs, though the differences in concentrations are more substantially influenced by their 

breeding grounds. Herring gulls in the Great Lakes are known to stay in the Great Lakes region 

throughout the year, though small-scale winter migrations between lakes and throughout the 

Great Lakes basin does occur (Anderson et al., 2019; Hebert, 1998). Herring gulls that breed on 

the Atlantic coast undergo a migration southwards, stopping in the northeastern USA, though 

some may remain year round (Anderson et al., 2019). In the arctic, herring gulls that breed at 

East Bay have been found overwintering in Louisiana and Texas, USA, as well as Mexico 

(Anderson et al., 2019). Little is known about the migration of herring gulls from Great Slave 

Lake. This implies that if overwintering location influences contaminant burdens in herring gull 

eggs, the  

Maternal age may be another factor that influences HFR concentrations in herring gull 

eggs. Age is known to influence the bioaccumulation of POPs and trace metals, with several 

examples revealing a positive relationship between contaminant concentration and age (eg. 

Addison et al. 1973; Innangi et al., 2019; Volta et al., 2009). Thus, older females may deposit a 

higher contaminant burden into their eggs. Randomly sampling eggs within a population 

removes the influence of maternal eggs, however, the age differences between populations are 

not accounted for by this method. Recent studies have found that surprisingly, migration distance 

is positively related to survival, implying that the long distance migrants may have higher 

contaminant burdens due to a longer lifespan (Møller, 2007; Winger and Pegan, 2021). My 

results show that herring gull eggs from the Arctic colonies, which have the longest migration 
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distance, consistently have the lowest HFR concentrations. This implies that if controlled for the 

potentially older parental age of Arctic herring gulls, these concentrations might be even lower. 

Further investigation into parental age and migration strategy, and the potential effects of 

bioaccumulation and deposition of HFRs into eggs would clarify relative contaminant burdens 

between herring gull populations.  

2.4.6 Importance of Outliers in Pooled Biological Samples 

To test the robustness of my statistical analysis, GLMs and breakpoints were generated 

twice: once with and once without outliers. Outliers were initially included because most 

chemical analyses occurred on egg pools and therefore represent the average of the individual 

samples. The general conclusions from both analyses were similar, as there was support for the 

first hypothesis in only one case when outliers were removed, and four cases when outliers were 

included. Thus, the overall results from both analyses did not support that nomination and listing 

of HFRs under the SC reduces their concentrations in herring gull eggs. The use of pooled 

samples has been popular for chemical analyses and the evaluation of trends over time, due to 

the cost effectiveness of measuring pooled rather than individual samples (Heffernan et al., 

2014). Additionally, measurements of pooled samples are the arithmetic mean of the individuals, 

which is useful for reflecting the overall exposure of groups of individuals and trends over time. 

However, due to uncertainties about variation within pools, I am not able to determine the cause 

of a pool appearing as an outlier (e.g. if the entire sampled population had extreme high or low 

concentrations in a given year, or if only one or two individuals sampled had extreme 

concentrations). Therefore, I included all outliers in the main analysis. In most cases, the rate of 

increase or decrease of chemical concentration over time was reduced when outliers were 

removed. I recommend that future studies consider using multiple pools per year to determine 
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the variation within a population as well as to improve statistical power for analyses while 

maintaining the cost-effective benefits of pooled samples. 

2.4.7 Conclusions 

Overall, my study provides little support for my hypotheses that nomination or listing 

under the SC has driven decreases in trends of flame retardants in herring gull eggs across 

Canada. This leads to the conclusion that concentrations of HFRs in herring gull eggs did not 

decrease due to regulation under the SC during this timeframe. However, given the long 

environmental half-lives of these chemicals in the environment, a longer time frame following a 

regulation may be required for significant changes to be seen. Additionally, the framework and 

timelines provided by the SC may be an important incentive for signatory parties to apply their 

own national regulations and may be the larger impact of the SC. Several other factors, including 

proximity to urban sources, production and use volumes, continued emissions from products and 

waste containing these flame retardants, environmental reservoirs, and biological factors 

influencing herring gull exposure and biomagnification all worked together to influence these 

trends. Given the substantial annual variation in chemical concentrations at each colony, future 

monitoring studies should strive to maximize the time frames both before and after the dates of 

regulation to make conclusions. Future studies should also account for variations in the ecology 

of herring gulls, particularly dietary differences, and should correct for changes in trophic level. 

Additionally, to further clarify the effectiveness of the SC, future studies should apply a more 

robust approach to disentangle national versus international regulations. For example, extending 

the timeframe to include dates before national regulations and exploring the use of multiple 

breakpoints may distinguish between reductions in concentrations of HFRs due to national 

regulations and the SC. Finally, with the upcoming regulation of DP under the SC, future studies 
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should continue monitoring concentrations of DP to determine if the SC is effective at reducing 

its concentrations in Canadian herring gull eggs.  
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Summary 

1. My study aimed to assess trends of two types of flame retardants that have been 

internationally regulated under the Stockholm Convention, and one current-use flame 

retardant.  

2. I used herring gull (Larus argentatus smithsonianus) eggs from 18 colonies across Canada 

to act as biomonitors between 2008 – 2019.  

3. I generated generalized linear models for concentrations of flame retardants at each 

herring gull colony and used breakpoint analysis to determine if and when trend changes 

occurred. 

4. Only a few models of flame retardant concentration over time in my study followed the 

nomination-improvement trend pattern, and a few other models contradicted both 

hypotheses. Most models were not significant. 

5. I found little support for the hypotheses that nomination or listing of flame retardants 

under the Stockholm Convention on Persistent Organic Pollution reduces their 

concentrations in herring gull eggs.  

6. A longer time frame may be required to observe significant declines in HFR 

concentrations due to management under the SC. 

7. Though I found little evidence supporting my hypotheses, the positive impact of the 

Stockholm Convention may be that it provides an incentive and framework for signatory 

parties to regulate persistent organic pollutants on a national level. 

8. Several factors including proximity to urban areas, re-release of chemicals from 

environmental reservoirs and waste stocks, and biological factors affecting 
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biomagnification of contaminants, influence trends of halogenated flame retardants across 

space and time in Canada.  

9. Future research should consider the role of national regulations and voluntary phase-outs 

in reducing concentrations of halogenated flame retardants in wildlife.  
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Appendix A 

Chemical Structure of Halogenated Flame Retardants 

 

a- HBCDD b - HBCDD g - HBCDD 

Figure A1. Chemical structure of the three enantiomers of HBCDD. 
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BDE-17 BDE-28 BDE-47 

BDE-49 BDE-66 BDE-85 

BDE-100 BDE-138 BDE-99 

BDE-153 BDE-154 BDE-183 

Figure A2. Chemical structures of the ∑12PBDE congeners. 
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anti-DP syn-DP 

Figure A3. Chemical structure of BDE-209 

Figure A4. Chemical structure of the DP isomers. 
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Appendix B 

Hypotheses, Predictions, and Visualizations of Outcomes 

 

Hypothesis 1: Concentrations of halogenated flame retardants in herring gull eggs are reduced by the 

nomination for listing of the chemical under the Stockholm Convention, relative to the concentrations had 

no regulation occurred. 

 

P1: Trends of PBDE and HBCDD concentrations in herring gull eggs decreased after the date of 

nomination but before the date of listing. 

P2: Trends of DP concentrations in herring gull eggs, an un-nominated flame retardant during this time 

frame, did not decrease. 

 

Hypothesis 2: Concentrations of halogenated flame retardants in herring gull eggs are reduced by the 

listing of the chemical under the Stockholm Convention, relative to the concentrations had no regulation 

occurred. 

 

Prediction 1: Trends of PBDE and HBCDD concentrations in herring gull eggs decreased after the date of 

listing. 

 

  



 

81 

 

 

 

 

 

 

 

 

 

  

Figure B1. Visualizations of hypotheses and predictions for trends of flame retardants in herring gull eggs before 

and after 1) the listing of the chemical under the SC or 2) the nomination for listing of the chemical under the SC. 

Increases in concentrations relative to their expected values with no regulation are defined as “deterioration”, and 

decreases are defined as “improvement”. No change is what would be expected in the absence of regulation. 
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Appendix C 

Analytical Methods for Halogenated Flame Retardants 

 

The following methods are originally described in Smythe et al. 2019. Approximately 1.0 g (wet weight) 

of thawed homogenate was collected from each egg pool, ground with 10 g diatomaceous earth (J.T. 

Baker, NJ, USA), and spiked with 50 ng of each internal standard in dichloromethane. Sodium sulfate 

(Na2SO4) was used to dry the extract, and 10% of the resulting extract was used for gravimetric lipid 

analysis. The extract was transferred to an aluminum dish and weighed. After drying for 30 minutes in a 

fume hood, weight was taken again, and percent lipid was calculated using the difference in mass. High 

performance gel permeation chromatography in dichloromethane was used to further purify the remaining 

extract. A 6 mL, 0.5 g silica (SiOH) absorbent Bakerbond SPETM extraction cartridge that had been pre-

washed with 6 mL of hexane was used for final clean up. The sample extract was eluted with 8 mL of 5% 

dichloromethane in hexane and adjusted to a volume of 250 µL for further analysis.  

To measure all target FRs in each extract, cleaned sample fractions were analyzed using an Agilent 6890 

gas chromatograph coupled to a quadrupole mass spectrometer (Aligent 5975C MS) in electron capture 

negative ionization mode (GC/ECNI-MS; De Boer 1999). Methane was used as the reagent gas. A fused 

silica column (15 mm x 0.25 mm x 0.10 µm DB-5 HT) was used as the analytical column. A volume of 1 

µL of the sample was introduced into the injector, operating in pulsed-spitless mode, and held at 240 °C. 

The oven temperature program was as follows: 50°C for 3 minutes, then increased by 50°C/minute until 

250°C, then increased by 25°C/minute to 320°C, then ended after 15 minutes at 320°C. BDE congener 

quantification was achieved through selected ion monitoring (SIM) for the isotopic bromine anions, 79Br- 

and 81Br-. DP was quantified using the molecular ion (m/z 652). HBCDD was quantified as total-a-
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HBCDD as b- and g-HBCDD residues are thermally isomerized to a-HBCDD when temperatures exceed 

160°C, therefore only a-HBCDD was measured by GC-MS but represents the total amount of HBCDD.  

A standard reference material (Lake Michigan fish tissue, National Institute of Standards and Technology 

(NIST) Standard Reference Material©1947) was simultaneously run with the study samples to check for 

background contamination. Method blanks were also processed through the extraction and analyses 

methods to account for background contamination and interference. Samples were corrected for potential 

interference using the associated method blank values. All concentrations are expressed as ng/g wet 

weight (ww). Method limits of detection (MLODs) were between 0.0090 and 0.490 ng/g and varied by 

congener and year (Table E1). Method limits of quantification (MLOQ) were based on the criteria that the 

response of the analyte must be >10 times the standard deviation of the limit of detection. For PBDE 

congeners the MLOQ ranged between 0.0280 and 1.23 ng/g, except for BDE-209 which ranged between 

0.1 and 2.17 ng/g. For HBCDD, the MLOQ ranged between 0.0990 and 1.63 ng/g, and for the syn- and 

anti-DP isomers it ranged between 0.151 and 0.767 ng/g, and 0.129 and 0.767 ng/g, respectively. 
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Appendix D 

Egg Morphology and Percent Lipid at Each Colony 

 

Table D1. Mean volume, mass, and percent lipid (± SE) of herring gull eggs collected at each colony. 

Region/Waterbody Colony Volume (cm3) Mass (g) % Lipid 

Arctic 
East Bay 88.46 (± 6.57) 90.27 (± 10.05) 7.41 (± 0.18) 

Great Slave Lake 83.45 (± 9.52) 79.83 (± 10.74) 7.65 (± 0.20) 

Atlantic 
Gull Is. 83.64 (± 8.52) 86.11 (± 8.93) 7.81 (± 0.12) 

Kent Is. 80.01 (± 6.67) 81.00 (± 7.47) 7.85 (± 0.16) 

Lake Erie 
Middle Is. 84.72 (± 7.09) 94.19 (± 8.51) 7.88 (± 0.18) 

Port Colborne 84.97 (± 6.88) 92.99 (± 7.56) 7.89 (± 0.28) 

Lake Huron 
Chantry Is. 83.92 (± 7.50) 92.24 (± 9.02) 7.91 (± 0.23) 

Double Is. 78.93 (± 7.74) 83.53 (± 7.85) 8.31 (± 0.19) 

Lake Ontario 

Hamilton Harbor 84.37 (± 6.67) 91.60 (± 8.86) 8.07 (± 0.25) 

Snake Is. 87.71 (± 5.93) 93.51 (± 13.33) 7.72 (± 0.27) 

Toronto Harbor 83.18 (± 6.17) 89.34 (± 7.33) 8.33 (± 0.18) 

Lake Superior 
Agawa Rocks 79.56 (± 7.22) 84.60 (± 8.23) 8.41 (± 0.17) 

Granite Is. 82.36 (± 7.45) 95.85 (± 77.29) 8.16 (± 0.17) 

Niagara 
Buffalo Harbour 93.41 (± 7.23) 85.76 (± 7.15) 7.56 (± 1.06) 

Weseloh Rocks 81.76 (± 6.69) 89.00 (± 7.25) 7.88 (± 0.20) 

St. Lawrence 

Ile Bellechasse 89.42 (± 8.18) 91.26 (± 9.83) 7.54 (± 0.16) 

Ile Deslauriers 87.30 (± 9.67) 87.63 (± 10.88) 7.73 (± 0.14) 

Strachan Is 88.53 (± 6.43) 95.53 (± 7.92) 7.83 (± 0.19) 
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Appendix E 

Method Limit of Detection and Quantification of Flame Retardant 

Chemicals 

 

Table E1. Method limit of detection (MLOD) and quantification (MLOQ) for measured flame retardant 

chemicals in herring gull egg pools from 2008 – 2019. Samples from all colonies were analyzed at the 

same laboratory in the year they were collected. Thus, the MLOD and MLOQ apply to all colonies.  

Years Congener MLOD MLOQ Years Congener MLOD MLOQ 

2008 - 

2013 

BDE-17 0.02 0.090 

2015 

BDE-17 0.041 0.122 

BDE-28 0.02 0.090 BDE-28 0.076 0.227 

BDE-47 0.02 0.090 BDE-47 0.077 0.232 

BDE-49 0.02 0.090 BDE-49 0.083 0.250 

BDE-66 0.02 0.090 BDE-66 0.058 0.173 

BDE-85 0.02 0.090 BDE-85 0.009 0.028 

BDE-99 0.02 0.090 BDE-99 0.024 0.073 

BDE-100 0.02 0.090 BDE-100 0.050 0.150 

BDE-138 0.02 0.090 BDE-138 0.030 0.089 

BDE-153 0.02 0.090 BDE-153 0.036 0.108 

BDE-154 / BB-

153 
0.02 0.090 

BDE-154 / BB-

153 
0.059 0.176 

BDE-183 0.02 0.090 BDE-183 0.069 0.208 

BDE-190 0.02 0.090 BDE-190 0.102 0.307 

BDE-209 0.03 0.110 BDE-209 0.468 1.405 

HBCD 1 0.500 HBCD 0.033 0.099 

syn-DP 0.01 0.030 syn-DP 0.050 0.151 

anti-DP 0.03 0.120 anti-DP 0.043 0.129 

2014 

BDE-17 0.140 0.467 

2016-

2019 

BDE17 0.0410 0.1220 

BDE-28 0.250 0.833 BDE28 0.0760 0.2270 

BDE-47 0.320 1.07 BDE47 0.0770 0.2320 

BDE-49 0.370 1.23 BDE49 0.0830 0.2500 

BDE-66 0.310 1.03 BDE66 0.0580 0.1730 

BDE-85 0.270 0.900 BDE85 0.0090 0.0280 

BDE-99 0.120 0.400 BDE99 0.0240 0.0730 
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BDE-100 0.270 0.900 BDE100 0.0500 0.1500 

BDE-138 0.210 0.700 BDE138 0.0300 0.0890 

BDE-153 0.150 0.500 BDE153 0.0360 0.1080 

BDE-154 / BB-

153 
0.190 0.633 

BDE154/BB153 0.0590 0.1760 

BDE-183 0.110 0.367 BDE183 0.0690 0.2080 

BDE-190 0.210 0.700 BDE190 0.1020 0.3070 

BDE-209 0.650 2.17 BDE209 0.4680 1.4000 

HBCD 0.490 1.63 HBCD 0.0330 0.0990 

syn-DP 0.180 0.600 syn-DP 0.0500 0.1510 

anti-DP 0.230 0.767 anti-DP 0.0960 0.2870 
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Appendix F 

Rate of Detection of Flame Retardant Chemicals in Herring Gull Egg 

Pools 

 

Table F1. Percent of herring gull egg samples that chemicals were detected above the limit of detection 

for individual PBDE congeners and isomers of DP, and total-a-HBCDD. 

Congener or isomer Rate of Detection (%) 

Total-a-HBCDD 92.58 

anti-DP 91.42 

syn-DP 72.85 

BDE-17 58.24 

BDE-28 92.11 

BDE-47 100.00 

BDE-49 85.85 

BDE-66 90.26 

BDE-85 89.33 

BDE-99 99.77 

BDE-100 99.30 

BDE-138 91.65 

BDE-153 99.54 

BDE-154/BB153 99.77 

BDE-183 95.82 

BDE-190 7.66 

BDE-209 93.27 
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Appendix G 

Mean Concentrations of Halogenated Flame Retardants at Each Colony 

 

Table G1. Arithmetic mean (± SE) of flame retardant chemical concentrations in herring gull egg pools 

(ng/g) and the ratio of anti:total DP (fanti) for each colony. 

Region Colony HBCDD ∑12BDE BDE-209 ∑DP fanti  
 

Arctic 
East Bay 1.90 (± 0.31) 62.63 (± 7.80) 5.04 (± 0.95) 0.46 (± 0.11) 0.86 

Great Slave Lake 5.45 (± 0.83) 100.92 (± 19.87) 10.61 (± 2.28) 0.43 (± 0.11) 0.83 

Atlantic 
Gull Is. 7.65 (± 1.02) 122.26 (± 10.34) 14.72 (± 1.48) 1.52 (± 0.31) 0.79 

Kent Is. 5.86 (± 0.85) 161.44 (± 23.22) 10.30 (± 1.50) 1.24 (± 0.27) 0.81 

Lake Erie 
Middle Is. 6.30 (± 1.07) 224.67 (± 17.82) 11.20 (± 2.05) 9.43 (± 4.98) 0.70 

Port Colborne 6.71 (± 1.84) 263.52 (± 20.86) 13.02 (± 2.64) 2.40 (± 0.56) 0.83 

Lake 
Huron 

Chantry Is. 11.60 (± 1.85) 276.67 (± 27.40) 16.96 (± 1.86) 2.99 (± 0.36) 0.77 

Double Is. 12.20 (± 1.74) 300.30 (± 33.18) 18.78 (± 2.43) 4.82 (± 1.73) 0.82 

Lake 
Ontario 

Hamilton Harbor 6.51 (± 0.82) 409.16 (± 33.99) 13.32 (± 2.23) 3.88 (± 0.73) 0.80 

Snake Is. 10.50 (± 4.10) 265.89 (± 20.01) 8.65 (± 2.41) 1.50 (± 0.59) 0.85 

Toronto Harbor 7.87 (± 0.92) 374.82 (± 22.91) 21.81 (± 2.43) 5.93 (± 0.67) 0.82 

Lake 
Superior 

Agawa Rocks 9.95 (± 0.64) 273.12 (± 20.19) 19.59 (± 2.06) 5.93 (± 0.89) 0.82 

Granite Is. 15.54 (± 3.49) 419.93 (± 24.21) 23.22 (± 3.27) 4.56 (± 0.90) 0.82 

Niagara 
Buffalo Harbour NA NA NA 4.52 (± 0.20) 0.69 

Weseloh Rocks 7.00 (± 2.09) 248.34 (± 22.34) 19.79 (± 5.18) 7.79 (± 1.04) 0.77 

St. 
Lawrence 

Ile Bellechasse 13.54 (± 2.28) 314.56 (± 28.67) 33.64 (± 2.94) 4.08 (± 0.90) 0.79 

Ile Deslauriers 21.08 (± 6.57) 646.19 (± 39.46) 68.12 (± 15.44) 3.49 (± 0.47) 0.78 

Strachan Is 10.08 (± 1.72) 218.74 (± 13.27) 14.86 (± 1.54) 1.80 (± 0.28) 0.84 
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Appendix H 

Breakpoint Analysis on Raw Data Scale 

 

Figure H1. Trends and breakpoints for HBCDD concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019. The year of nomination of HBCDD to Annex A of the Stockholm 

convention (2008) is shown in a dotted vertical line, and the year of listing (2013) is shown as a 

solid vertical line. Models which are statistically significant are denoted by an asterisk (*) beside 

the colony name. Note that Y axis scales differ among plots.  
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Figure H2. Trends and breakpoints for ∑12PBDE concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019. ∑12BDE is the sum of the following tri – hepta BDE congeners: BDE-

17, -28, -47, -49, -66, -85, -99, -100, -138, -153, -154, and -183. The year of addition of penta- 

and octaBDE to Annex A of the Stockholm convention (2009) is shown as a solid vertical line. 

No models were statistically significant. Note that Y axis scales differ among plots. 
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Figure H3. Trends and breakpoints for BDE-209 concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019. The year of nomination of decaBDE to Annex A of the Stockholm 

convention (2013) is shown in a dotted vertical line, and the year of listing is shown as a solid 

vertical line. Models which were statistically significant are denoted by an asterisk (*) beside the 

colony name. Note that Y axis scales differ among plots. 
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Figure H4.  Trends and breakpoints for ∑DP concentration (ng/g) in Canadian Herring gull eggs 

from 2009 – 2019. The year of nomination for DP to annex A of the Stockholm Convention 

(2019) is shown as a dotted vertical line. Models which were statistically significant are denoted 

by an asterisk (*) beside the colony name. Note that Y axis scales differ among plots.
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Appendix I 

Generalized Linear Models of Egg Parameters and Flame 

Retardant Concentrations 

 

Table E1. Log transformed slopes (± SE), T-value, P-value and pseudo- R2 value 

(R2Nagelkerke), for GLMs between egg volume, mass, and percent lipid and chemical 

concentration. R2Nagelkerke was only calculated for significant models (p < 1.45e-3). 

Egg 

Parameter 

Flame 

Retardant 
Colony Slope ± SE 

T-

value 
p-value 

R2 

Nagelkerke 

Volume 

HBCDD 

Agawa Rocks -0.02 ± 0.02 -0.87 0.41  

Chantry Is. -0.11 ± 0.07 -1.74 0.12  

Double Is. -0.06 ± 0.06 -0.93 0.38  

East Bay 0.05 ± 0.10 0.55 0.61  

Granite Is. -0.19 ± 0.11 -1.84 0.11  

Great Slave Lake -0.09 ± 0.09 -1.07 0.40  

Gull Is. 0.18 ± 0.13 1.38 0.23  

Hamilton Harbour -0.04 ± 0.09 -0.48 0.65  

Ile Bellechasse -0.04 ± 0.05 -0.79 0.46  

Ile Deslauriers -0.04 ± 0.19 -0.21 0.85  

Kent Is. -0.05 ± 0.24 -0.23 0.83  

Middle Is. 0.05 ±0.11 0.47 0.65  

Port Colborne -0.08 ± 0.11 -0.79 0.45  

Snake Is. 0.11 ± 0.23 0.47 0.65  

Strachan Is. -0.24 ± 0.09 -2.79 0.02  

Toronto Harbour -0.11 ± 0.04 -2.54 0.04  

Weseloh Rocks -0.08 ± 0.49 -0.16 0.88  

∑12PBDE 

Agawa Rocks -0.01 ± 0.05 -0.25 0.81  

Double Is. -0.08 ± 0.03 -2.47 0.04  

East Bay 0.01 ± 0.03 0.24 0.82  

Granite Is. -0.01 ± 0.03 -0.32 0.76  

Great Slave Lake 0.02 ± 0.11 0.20 0.85  

Gull Is. 0.04 ± 0.06 0.61 0.56  

Hamilton Harbour 0.04 ± 0.03 1.31 0.22  



 

94 

 

Ile Bellechasse -0.02 ± 0.03 -0.77 0.47  

Ile Deslauriers -0.03 ± 0.03 -1.04 0.36  

Kent Is. -0.10 ± 0.19 -0.52 0.63  

Middle Is. -0.08 ± 0.04 -1.86 0.10  

Port Colborne -0.03 ± 0.03 -1.01 0.34  

Snake Is. 0.01  ± 0.05 0.19 0.86  

Strachan Is. -0.05 ± 0.04 -1.07 0.31  

Toronto Harbour 0.02 ± 0.03 0.62 0.55  

Weseloh Rocks 0.06 ± 0.16 0.41 0.70  

BDE-209 

Agawa Rocks -0.07 ± 0.06 -1.21 0.26  

Double Is. 0.01 ± 0.04 0.13 0.90  

East Bay -0.08 ± 0.07 -1.08 0.33  

Granite Is. -0.07 ± 0.09 -0.77 0.47  

Great Slave Lake -0.07 ± 0.16 -0.46 0.68  

Gull Is. 0.00 ± 0.07 -0.02 0.98  

Hamilton Harbour 0.06 ± 0.09 0.63 0.54  

Ile Bellechasse -0.04 ± 0.03 -1.13 0.30  

Ile Deslauriers -0.16 ± 0.06 -2.66 0.08  

Kent Is. -0.07 ± 0.23 -0.32 0.76  

Middle Is. 0.06 ± 0.13 0.44 0.67  

Port Colborne -0.06 ± 0.09 -0.68 0.51  

Snake Is. 0.12 ± 0.16 0.80 0.45  

Strachan Is. -0.01 ± 0.07 -0.09 0.93  

Toronto Harbour 0.00 ± 0.05 -0.05 0.96  

Weseloh Rocks -0.25 ± 0.51 -0.50 0.64  

∑DP 

Agawa Rocks -0.03 ± 0.11 -0.29 0.78  

Chantry Is. -0.01 ± 0.06 -0.23 0.83  

Double Is. -0.13 ± 0.13 -1.01 0.34  

East Bay -0.08 ± 0.08 -1.02 0.36  

Granite Is. -0.03 ± 0.12 -0.29 0.78  

Great Slave Lake 0.12 ± 0.16 0.76 0.50  

Gull Is. 0.36 ± 0.12 3.09 0.02  

Hamilton Harbour -0.10 ± 0.11 -0.95 0.37  

Ile Bellechasse -0.09 ± 0.04 -2.11 0.08  

Ile Deslauriers -0.16 ± 0.05 -2.95 0.04  

Kent Is. 0.25 ± 0.29 0.88 0.42  
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Middle Is. -0.08 ± 0.23 -0.37 0.73  

Port Colborne -0.02 ± 0.10 -0.17 0.87  

Snake Is. 0.43 ± 0.15 2.85 0.02  

Strachan Is. -0.05 ± 0.10 -0.46 0.66  

Toronto Harbour 0.03 ± 0.04 0.78 0.46  

Weseloh Rocks 0.33 ± 0.29 1.14 0.30  

Mass 

HBCDD 

Agawa Rocks 0.00 ± 0.02 0.25 0.81  

Chantry Is. -0.04 ± 0.02 -2.37 0.04  

Double Is. 0.06 ± 0.05 1.24 0.25  

East Bay 0.03 ± 0.03 0.87 0.43  

Granite Is. -0.16 ± 0.10 -1.67 0.14  

Great Slave Lake -0.05 ± 0.04 -1.28 0.33  

Gull Is. 0.11 ± 0.06 1.66 0.16  

Hamilton Harbour -0.03 ± 0.03 -0.88 0.40  

Ile Bellechasse -0.04 ± 0.04 -0.96 0.38  

Ile Deslauriers 0.00 ± 0.11 -0.02 0.99  

Kent Is. -0.05 ± 0.05 -0.95 0.40  

Middle Is. -0.02 ± 0.06 -0.34 0.74  

Port Colborne -0.13 ± 0.10 -1.24 0.25  

Snake Is. 0.09 ± 0.07 1.31 0.23  

Strachan Is. -0.06 ± 0.04 -1.46 0.18  

Toronto Harbour -0.08 ± 0.03 -2.41 0.05  

Weseloh Rocks 0.28 ±0.19 1.50 0.19  

∑12PBDE 

Agawa Rocks -0.01 ± 0.04 -0.19 0.85  

Double Is. -0.06 ± 0.03 -1.99 0.08  

East Bay 0.00 ± 0.01 0.37 0.72  

Granite Is. -0.03 ± 0.03 -1.15 0.29  

Great Slave Lake 0.00 ± 0.06 -0.01 1.00  

Gull Is. 0.00 ± 0.04 0.07 0.95  

Hamilton Harbour 0.01 ± 0.01 0.58 0.58  

Ile Bellechasse -0.02 ± 0.02 -0.79 0.46  

Ile Deslauriers 0.02 ± 0.03 0.77 0.49  

Kent Is. -0.09 ± 0.03 -2.68 0.04  

Middle Is. 0.02 ± 0.03 0.76 0.47  

Port Colborne -0.02 ± 0.03 -0.71 0.50  

Snake Is. 0.03 ± 0.01 1.85 0.10  
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Strachan Is. -0.01 ± 0.02 -0.76 0.47  

Toronto Harbour 0.03 ± 0.02 1.13 0.29  

Weseloh Rocks 0.01 ± 0.09 0.14 0.90  

BDE-209 

Agawa Rocks -0.01 ± 0.04 -0.20 0.84  

Double Is. -0.01 ± 0.04 -0.33 0.75  

East Bay -0.01 ± 0.03 -0.36 0.73  

Granite Is. 0.00 ± 0.09 -0.02 0.98  

Great Slave Lake -0.15 ± 0.05 -3.32 0.05  

Gull Is. 0.03 ± 0.04 0.79 0.46  

Hamilton Harbour 0.00 ± 0.04 0.04 0.97  

Ile Bellechasse -0.03 ± 0.03 -1.19 0.28  

Ile Deslauriers 0.08 ± 0.09 0.91 0.43  

Kent Is. -0.10 ± 0.04 -2.85 0.04  

Middle Is. -0.05 ± 0.07 -0.63 0.55  

Port Colborne -0.04 ± 0.09 -0.46 0.66  

Snake Is. 0.01 ± 0.06 0.19 0.85  

Strachan Is. -0.03 ± 0.02 -1.34 0.21  

Toronto Harbour 0.00 ± 0.04 -0.12 0.90  

Weseloh Rocks -0.21 ± 0.28 -0.76 0.48  

∑DP 

Agawa Rocks 0.06 ± 0.07 0.88 0.40  

Chantry Is. -0.03 ± 0.02 -1.44 0.18  

Double Is. 0.01 ± 0.12 0.05 0.96  

East Bay -0.01 ± 0.02 -0.46 0.66  

Granite Is. 0.03 ± 0.11 0.26 0.80  

Great Slave Lake -0.08 ± 0.10 -0.83 0.47  

Gull Is. 0.13 ± 0.08 1.76 0.13  

Hamilton Harbour -0.07 ± 0.04 -1.87 0.09  

Ile Bellechasse -0.07 ± 0.03 -2.02 0.09  

Ile Deslauriers 0.01 ± 0.10 0.15 0.89  

Kent Is. -0.09 ± 0.09 -1.04 0.35  

Middle Is. -0.13 ± 0.11 -1.15 0.29  

Port Colborne 0.01 ± 0.10 0.10 0.92  

Snake Is. 0.07 ± 0.08 0.90 0.39  

Strachan Is. -0.05 ± 0.03 -1.64 0.14  

Toronto Harbour 0.03 ± 0.03 0.86 0.41  

Weseloh Rocks 0.14 ± 0.17 0.82 0.45  



 

97 

 

% Lipid 

HBCDD 

Agawa Rocks -0.02 ± 0.06 -0.25 0.80  

Chantry Is. 0.25 ± 0.18 1.39 0.19  

Double Is. 0.15 ± 0.23 0.66 0.52  

East Bay -0.21 ± 0.15 -1.40 0.17  

Granite Is. -0.28 ± 0.39 -0.70 0.50  

Great Slave Lake -0.01 ± 0.16 -0.08 0.94  

Gull Is. 0.31 ± 0.16 1.89 0.07  

Hamilton Harbour 0.17 ± 0.10 1.64 0.12  

Ile Bellechasse 0.27 ± 0.14 1.90 0.06  

Ile Deslauriers 0.39 ± 0.27 1.43 0.16  

Kent Is. 0.01 ± 0.13 0.11 0.91  

Middle Is. 0.21 ± 0.28 0.76 0.46  

Port Colborne 0.21 ± 0.26 0.78 0.45  

Snake Is. -0.11 ± 0.41 -0.27 0.79  

Strachan Is. 0.21 ± 0.25 0.84 0.42  

Toronto Harbour 0.07 ± 0.13 0.54 0.59  

Weseloh Rocks 0.35 ± 0.39 0.90 0.40  

∑12PBDE 

Agawa Rocks 0.12 ± 0.07 1.71 0.10  

Chantry Is 0.08 ± 0.12 0.64 0.53  

Double Is. 0.15 ± 0.16 0.98 0.35  

East Bay -0.09 ± 0.12 -0.79 0.43  

Granite Is. 0.10 ± 0.10 1.02 0.33  

Great Slave Lake 0.02 ± 0.21 0.09 0.93  

Gull Is. -0.03 ± 0.10 -0.26 0.80  

Hamilton Harbour 0.15 ± 0.05 2.89 9.03 x 10-3 0.36 

Ile Bellechasse 0.18 ± 0.08 2.26 0.03  

Ile Deslauriers 0.05 ± 0.07 0.65 0.52  

Kent Is. -0.09 ± 0.13 -0.69 0.49  

Middle Is. -0.05 ± 0.13 -0.39 0.70  

Port Colborne -0.03 ± 0.08 -0.42 0.68  

Snake Is. 0.06 ± 0.08 0.83 0.43  

Strachan Is. 0.02 ± 0.09 0.21 0.83  

Toronto Harbour 0.12 ± 0.06 1.81 0.08  

Weseloh Rocks 0.07 ± 0.12 0.55 0.60  

BDE-209 
Agawa Rocks 0.10 ± 0.10 1.00 0.32  

Chantry Is -0.02 ± 0.14 -0.16 0.87  
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Double Is. 0.32 ± 0.16 1.93 0.08  

East Bay 0.01 ± 0.18 0.06 0.95  

Granite Is. 0.06 ± 0.26 0.24 0.81  

Great Slave Lake -0.52 ± 0.20 -2.58 0.02  

Gull Is. -0.08 ± 0.12 -0.70 0.48  

Hamilton Harbour 0.34 ± 0.10 3.25 4.05e-3 0.42 

Ile Bellechasse 0.08 ± 0.08 0.99 0.33  

Ile Deslauriers -0.11 ± 0.27 -0.41 0.68  

Kent Is. -0.01 ± 0.13 -0.04 0.97  

Middle Is. 0.41 ± 0.29 1.39 0.19  

Port Colborne 0.17 ± 0.19 0.91 0.38  

Snake Is. 0.26 ± 0.27 0.96 0.36  

Strachan Is. -0.03 ± 0.15 -0.19 0.85  

Toronto Harbour 0.10 ± 0.12 0.83 0.42  

Weseloh Rocks -0.45 ± 0.39 -1.16 0.29  

∑DP 

Agawa Rocks 0.41 ± 0.13 3.16 3.17 x 10-3 0.27 

Chantry Is. 0.07 ± 0.15 0.48 0.64  

Double Is. 0.70 ± 0.49 1.42 0.18  

East Bay -0.14 ± 0.25 -0.57 0.57  

Granite Is. -0.19 ± 0.35 -0.53 0.00  

Great Slave Lake -0.65 ± 0.20 -3.32 2.99 x 10-3 0.42 

Gull Is. 0.35 ± 0.23 1.53 0.13  

Hamilton Harbour 0.55 ± 0.15 3.68 1.49 x 10-3 0.47 

Ile Bellechasse 0.66 ± 0.12 5.57 2.18 x 10-3 0.55 

Ile Deslauriers -0.12 ± 0.15 -0.80 0.43  

Kent Is. 0.21 ± 0.19 1.11 0.27  

Middle Is. 0.96 ± 0.34 2.83 0.02  

Port Colborne 0.17 ± 0.24 0.73 0.48  

Snake Is. 0.46 ± 0.33 1.39 0.19  

Strachan Is. 0.33 ± 0.22 1.49 0.16  

Toronto Harbour 0.21 ± 0.12 1.82 0.08  

Weseloh Rocks 0.45 ± 0.23 2.01 0.09  
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Appendix J 

Breakpoint Analysis with Outliers Removed 

 

Table J1. Date of the breakpoints and slopes (ng g-1 year-1) of the generalized linear models for HBCDD, ∑12BDE, BDE-209 and DP 

concentrations in herring gull eggs between 2009 – 2019 in individual colonies after the removal of outliers. Points which were removed are the 

same as the points removed for individual colonies. Colonies which had no outliers removed are not included. Trend pattern abbreviations are as 

follows: early improvement (EI), listing-improvement (LI), nomination-improvement (NI), deterioration (D), or consistent trend (CT). 

Flame 
Retardant Region Colony Points Removed Breakpoint (± 

SE) 
Change in 
Breakpoint 

Slope Before 
Breakpoint 

(± SE) 

Slope After 
Breakpoint (± 

SE) 

T-
Value Pr(>|t|) Trend Type 

HBCDD 

Atlantic 
Gull Is. 2011 pool of 3 2011 (± 0.87) No Change 0.67 (± 0.25) -0.09 (± 0.06) 2.74 8.99 x 10-3* NI 

Kent Is. 2008 Individual 2014 (± 1.26) Earlier 0.09 (± 0.09) -0.38 (± 0.14) 1.05 0.30  

Lake Erie Port Colborne 2009 pool of 13, 
2010 pool of 13 2015 (± 1.92) Later 0.16 (± 0.12) -0.17 (± 0.18) 1.344 0.23  

Lake 
Huron 

Chantry Is. 2010 pool of 13 2011 (±1.26) Later 0.26 (± 0.16) -0.10 (± 0.05) 1.61 0.14  

Double Is. 2013 pool of 13 2010 (± 0.66) No Change 0.60 (± 0.28) -0.11 (± 0.02) 2.10 0.06  

Lake 
Ontario 

Hamilton Harbor 2010 pool of 13 2017 (±1.25) Later 0.081 (± 0.05) -0.23 (± 0.17) 1.49 0.15  

Snake Is. 2010 pool of 13 2011 (± 0.74) Later 0.78 (± 0.26) -0.15 (± 0.08) 3.07 0.02  
Lake 

Superior Granite Is. 2010 pool of 13, 
2013 pool of 13 2014 (±2.04) Later 0.22 (± 0.08) -0.04 (± 0.13) 2.59 0.04  

St. 
Lawrence 

Ile Bellechasse 2015 pool of 13 2011 (± 0.92) No Change 0.52 (± 0.25) -0.22 (± 0.06) 2.11 0.04  

Ile Deslauriers 2011 pool of 2 2011 (± 1.46) No Change 0.14 (± 0.14) -0.13 (± 0.05) 1.02 0.32  

∑12PBDE 

Arctic Great Slave Lake 2012 pool of 3 None Breakpoint 
Lost NA NA -0.83 0.41  

Atlantic Kent Is. Two 2008 
individuals 2014 (± 0.93) Earlier 0.11 (± 0.07) -0.34 (± 0.10) 1.72 0.09  

Chantry Is. 2008 pool of 10 2010 (±2.85) Later 0.03 (± 0.26) -0.08 (± 0.05) 0.23 0.83  
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Lake 
Huron Double Is. 2018 pool of 13 2014 (± 8.61) Earlier 3.58e-3 (± 

0.67) 0.04 (± 0.07) 0.05 0.96  

Lake 
Ontario 

Hamilton 
Harbour 2013 pool of 2 2009 (0± .07) Earlier 0.34 (± 0.27) -0.01 (± 0.02) 1.26 0.23  

Toronto Harbour 2010 pool of 2 2014 (± 1.12) No Change -0.10 (± 0.05) 0.13 (± 0.067 -2.13 0.04  

St. 
Lawrence 

Ile Deslauriers 2017 pool of 2 2013 (± 11.40) Earlier -0.01 (± 0.04) 0.02 (± 0.09) -0.25 0.81  

Strachan Is. 2011 pool of 13 None Breakpoint 
lost NA NA -5.17 3.10 x 10-3* CT 

BDE-209 

Arctic 
East Bay 2013 pool of 3 2017 (± 1.07) Later 0.06 (± 0.13) -0.73 (± 0.47) 0.50 0.60  

Great Slave Lake Two 2010 pools of 3 2015 (± 4.06) Later -0.37 (± 0.27) -0.10 (± 0.24) -1.4 0.20  

Atlantic Kent Is. 2008 Individual 2015 (± 1.39) No Change 0.07 (± 0.08) -0.31 (± 0.13) 0.8 0.41  

Lake 
Huron Double Is. 2017 pool of 3 2016 (± 5.29) No Change 0.06 (± 0.07) -0.04 (± 0.20) 0.8 0.40  

Lake 
Ontario 

Hamilton 
Harbour 2015 pool of 2 2015 ± (2.13) No Change 0.12 (± 0.11) -0.15 (± 0.09) 0.8 0.45  

Snake Is. 2015 pool of 3 2014 (± 8.98) Earlier 0.19 (± 0.15) 0.02 (± 0.35) 1.8 0.09  

Toronto Harbour 2014 pool of 13 2014 (± 3.91) Later -0.14 (± 0.09) 0.07 (± 0.19) 1.1 0.29  

Lake 
Superior Granite Is. 2011 pool of 13 2014 (± 2.25) No Change 0.07 (± 0.09) -0.12 (± 0.08) -1.51 0.14  

St. 
Lawrence Ile Deslauriers Two 2008 

individuals None Breakpoint 
Lost -0.04 (± 0.04) NA -0.94 0.4  

DP 

Arctic 
East Bay 2015 pool of 3 2011 (± 0.88) Earlier 0.95 (± 0.88) -0.02 (± 0.11) 1.07 0.29  

Great Slave Lake 2011 pool of 2 2016 (± 0.82) No Change -0.58 (± 0.34) 1.23 (± 0.58) -1.69 0.11  

Atlantic 
Gull Is. 2011 pool of 3 2011 (± 1.00) No Change 0.33 (± 0.16) -0.18 (± 0.07) 2.05 0.05  

Kent Is. 2010 pool of 3, 2011 
pool of 3 2015 (± 0.87) Later 0.12 (± 0.10) -0.62 (± 0.16) 1.25 0.22  

Lake Erie 
Middle Is. 2014 pool of 13, 

2015 pool of 13 2012 (± 3.08) Earlier 0.28 (± 1.22) -0.01 (± 0.26) 1.26 0.24  

Port Colborne 2015 pool of 13 2012 (± 1.64) Earlier 0.26 (± 0.21) -0.02 (± 0.14) 1.68 0.13  

Lake 
Huron Double Is. 2014 pool of 13, 

2015 pool of 13 2011 (± 1.13) Earlier 0.35 (± 0.16) -0.04 (± 0.06) 2.18 0.06  

Lake 
Ontario 

Hamilton 
Harbour 

2008 pool of 13, 
2015 pool of 3 2012 (± 1.62) No Change 0.02 (± 0.21) -0.29 (± 0.06) 0.11 0.91  

Snake Is. 2015 pool of 13 2014 (± 2.02) Later 0.28 (± 0.20) -0.24 (± 0.22) 1.41 0.20  

Toronto Harbour 2012 pool of 3 2011 (± 0.84) No Change 0.28 (± 0.16) -0.07 (± 0.06) 1.75 0.09  
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St. 
Lawrence 

Ile Bellechasse 2013 pool of 3, 2013 
pool of 2 2009 (± 0.28) Earlier 1.68 (± 0.40) -0.12 (± 0.03) 4.25 1.18 x 10-4* EI 

Ile Deslauriers 2017 pool of 2 2014 (± 1.42) Breakpoint 
Occurs 0.15 (± 0.05) -0.09 (± 0.12) 3.19 3.11 x 10-3* EI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure J1. Trends and breakpoints for HBCDD concentration (ng/g) in Canadian Herring gull 

eggs from 2009 – 2019, after the removal of outliers. The year of nomination of HBCDD to 

Annex A of the Stockholm Convention (2008) is shown in a dotted vertical line, and the year of 

listing (2013) is shown in a solid vertical line. Models that are statistically significant are denoted 

by an asterisk (*) beside the colony name. Note that Y axis scales differ among plots. 
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Figure J2. Trends and breakpoints for ∑12PBDE concentration (ng/g) in Canadian Herring 

gull eggs from 2009 – 2019 after outliers were removed. ∑12BDE is the sum of the 

following tri – hepta BDE congeners: BDE-17, -28, -47, -49, -66, -85, -99, -100, -138, -

153, -154, and -183. The year of addition of Penta- and Octa-BDE to Annex A of the 

Stockholm Convention (2009) is shown as a solid vertical line. Significant models are 

denoted by an asterisk (*) beside the colony name. Note that Y axis scales differ among 

plots. 
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Figure J3. Trends and breakpoints for BDE-209 concentration (ng/g) in Canadian Herring 

gull eggs from 2009 – 2019 after outliers were removed. The year of nomination of 

Decabromodiphenyl ether (decaBDE) to Annex A of the Stockholm Convention (2013) is 

shown in a dotted vertical line, and the year of listing is shown as a solid vertical line. No 

models were statistically significant. Note that Y axis scales differ among plots. 
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Figure J4.  Trends and breakpoints for ∑DP concentration (ng/g) in Canadian Herring 

gull eggs from 2009 – 2019 after outliers were removed. The year of nomination for DP 

to annex A of the Stockholm Convention (2019) is shown as a dotted vertical line. 

Models which were statistically significant are denoted by an asterisk (*) beside the 

colony name. Note that Y axis scales differ among plots
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