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ABSTRACT 

Long-distance avian migrants travel vast distances between their breeding and wintering 

grounds. Often this involves non-stop flights of thousands of kilometers without access to 

supplementary food or water. During these periods, birds rely almost exclusively on 

endogenously stored fuel to sustain several hours to days of migration flight. Accomplishing 

these extreme feats of endurance requires that birds rapidly accumulate fat stores prior to 

migration and at discrete sites (i.e., staging sites) along the migration route. Rapidly storing 

enough fat is crucial for long-distance migrants. Adequate fuel accumulation increases the 

probability of surviving migration. As well, fat deposition rates and departure fuel loads affect 

migration pace, and earlier arrival on the breeding grounds in the spring increases reproductive 

performance. As a result, impaired pre-migratory fuelling has been identified as an important 

factor in the ongoing declines of long-distance migratory bird populations.  

There is evidence to suggest that polycyclic aromatic hydrocarbons (PAHs), the toxic 

constituents of oil pollution, can impair refuelling physiology and limit pre-migratory fat 

accumulation. Despite this evidence, however, a link between PAH exposure and impaired pre-

migratory fuelling had yet to be established. Therefore, the objectives of this research were (1) to 

directly assess whether PAH ingestion impairs pre-migratory fuelling, (2) to investigate the 

physiological mechanisms of PAH-induced pre-migratory fuelling impairment, and (3) to 

characterize the impacts of impaired fuelling on avian migration timing.  

My first objective was addressed using a captive dosing experiment. Sanderling (Calidris 

alba), a long-distance migratory shorebird, were orally dosed with environmentally-relevant 

PAH concentrations and mixtures. I found that oral exposure to PAHs during staging lowered 

Sanderling pre-migratory body mass gains, with individuals in the high dose group (dosed with 

1260 µg PAH/kg-bw/day) gaining 4.4 ± 3.7 g less than controls. More specific investigations 

into the mechanisms underlying this result showed that serum bile acid concentrations and the 

hepatic mRNA expression of liver basic fatty acid binding protein 1 (Lbfabp) and hepatic lipase 

(Lipc) were reduced by PAH exposure. This suggested that sublethal PAH ingestion impaired 

fuelling by disrupting cholesterol and lipid homeostasis. These results confirmed that PAH 

exposure can limit deposition of the fuel loads that influence staging durations, departure 

decisions, and migratory speed. Therefore, further research was warranted to characterize the 

effects of PAH exposure and fuelling impairment on avian migration timing. For this work, I 



iii 

 

first examined the relationship between PAH contamination and staging site quality for fuelling 

shorebirds. I trapped Sanderling and Red knots (C. canutus) from six staging sites along the 

Texas and Louisiana Gulf Coast, which were variably affected by the Deepwater Horizon oil 

spill and which are susceptible to frequent and repeated oil pollution. Upon capture, I collected 

blood samples to measure Sanderling and Red knot plasma metabolite levels. I estimated PAH 

ingestion from foraging by measuring sediment total PAH concentrations at each site. Staging 

sites in Louisiana had the highest total sediment PAH concentrations (3.41 – 640 ng/g sediment). 

Metabolite data suggested that Sanderling in Louisiana exhibited the lowest refuelling rates, and 

both Sanderling and Red knots departed later than average from Louisiana. Next, I investigated 

the relationship between fuelling and migration timing in northward-migrating Sanderling using 

radio-telemetry techniques. I attached coded nanotags to Sanderling at the six Gulf of Mexico 

staging sites and at Chaplin Lake, Saskatchewan, a more northern staging site along Sanderlings’ 

migration route. Fuel loads were negatively correlated with stopover durations and departure 

dates at both sites. I also found that individuals that departed later from the Gulf of Mexico also 

arrived later and subsequently departed later from Saskatchewan. Model estimates suggested that 

a bird that was 5 g lighter at capture departed 2 days later from the Gulf of Mexico, arrived 1.5 

days later in Saskatchewan, and then departed 16 hours later for its breeding grounds. There is 

thus evidence that fuel loads affect Sanderling migration timing and that slower birds do not 

catch up with earlier individuals. 

Fully understanding how PAHs affect pre-migratory fuelling, and ultimately avian 

populations, requires a mechanistic approach that links molecular-level events to adverse 

outcomes at the population-level. Therefore, the fourth objective of this research was to 

synthesize multiple datasets on how PAHs can affect avian pre-migratory fuelling into a 

biologically plausible mode of action that is useful to avian ecotoxicological risk assessment. 

This was accomplished by organizing the data of this thesis and existing knowledge into a 

putative adverse outcome pathway linking the molecular mechanisms underlying pre-migratory 

fuelling impairment to the effects of impaired fuelling on migratory bird populations. Organizing 

data into a progression of toxicity events increases our understanding of how PAHs and 

compounds with similar mechanisms of action can affect avian populations. Therefore, this 

thesis provides new information to guide avian ecotoxicological risk assessments and to increase 

our understanding of the toxicological threats to long-distance migratory bird populations. 
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PREFACE 

Chapter 1 is a general introduction and literature review of the topics of avian migration, 

pre-migratory fuelling, oil pollution, and polycyclic aromatic hydrocarbon toxicity. Chapter 1 

also discusses shorebird ecology and the utility of shorebirds as a model for studying oil 

contaminant effects in birds. Chapter 1 also includes the overall goals and objectives of the thesis 

and the hypotheses and predictions tested in the subsequent chapters.   
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1.1 Avian migration 

 Migration is one of the most remarkable life history features of birds. An estimated 19% 

of the world’s extant bird species are migratory and make annual, cyclical movements between 

distinct breeding and wintering ranges (Kirby et al., 2008). Migration is thought to have evolved 

to exploit predictable seasonal changes in resource availability that improve overall fitness 

(Alerstam et al., 2003). Birds migrate to higher latitudes to avoid density-dependent nest 

predation and increase their reproductive output, and migration to lower latitudes allows 

migrants to avoid inclement weather and to benefit from higher foraging opportunities and better 

roosting sites (Fretwell, 1980; Klaassen et al., 2012). Such spatial opportunism can give migrants 

a selective advantage over resident species (Alerstam et al., 2003). 

 To achieve this selective advantage, some avian migrants undertake astounding 

endurance flights. For example, the ruby-throated hummingbird (Archilochus colubris), a bird 

weighing only 3 – 3.5 g, flies non-stop for over 800 km when it migrates directly across the Gulf 

of Mexico (Robinson et al., 1996). Bar-tailed godwits (Limosa lapponica) make extreme 11,700 

km non-stop flights between Alaska and New Zealand (Gill et al., 2005). Great snipes 

(Gallinago media) sustain very fast ground speeds of 15 – 27 m/s for 4300 – 6800 km non-stop 

flights, which they accomplish in only 48 to 96 hours (Klaassen et al., 2011). It is important to 

remember that birds accomplish these highly aerobic, non-stop, multi-day flights without access 

to supplementary food or water (Newton, 2008). Therefore, storing adequate fuel loads prior to 

migration is critical for avian migrants. 

Despite the advantages that birds gain by migrating, migration is not without its risks. 

During migration, birds can experience a higher risk of mortality due to starvation, predation, 

storms, or adverse weather en route (Newton, 2006), and previous work shows that rates of 

mortality are higher on migration than during the breeding and wintering periods (Sillett and 

Holmes, 2002). It has also been suggested that poor conditions on migration could act as a 

bottleneck that limit migrant bird populations (Newton, 2006). Indeed, long-distance migratory 

bird populations are currently experiencing population declines globally (Holmes, 2007; 

Sanderson et al., 2006; Zockler et al., 2003). These declines are largely attributed to 

anthropogenic activities that impair birds’ ability to efficiently fuel prior to migration (Klaassen 

et al., 2012). 
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1.2 Pre-migratory fuelling 

 Most long-distance migratory birds rely on endogenously stored energy to fuel prolonged 

migration flights. Therefore, migration is typically composed of alternating periods of migration 

flight and periods where birds stop at specific locations (i.e., staging sites) to rest and refuel 

(Warnock, 2010). Pre-migratory refuelling involves a series of behavioural and physiological 

adjustments, including increasing food consumption (hyperphagia) and fuel assimilation 

efficiency, that enable the rapid accumulation of fuel stores (Bairlein, 2002). The predominant 

fuel used for long-distance avian migration is fat. Fat contributes to about 90% of total migration 

energy expenditure, and protein catabolism provides the remaining 10% of the energy for 

migration (Jenni and Jenni-Eiermann, 1998) and also supplies migrants with glucose, key 

metabolic intermediates, and metabolic water (Guglielmo et al., 2017). Fat is the ideal fuel for 

long-distance migration. Because fatty acids are stored with relatively less water than protein and 

carbohydrates, fat has a higher energy density than either other energy source (37 kJ/g versus 4-5 

kJ/g; Jenni and Jenni-Eiermann, 1998). Therefore, by storing energy as fat, long-distance 

migratory birds maximize the amount of energy stored per unit mass (Guglielmo, 2018; Jenni 

and Jenni-Eiermann, 1998).  

Many migratory bird species have remarkable fat storage capabilities. The amount of fat 

that an individual stores depends on several factors, including its age, sex, body size, season, 

whether it will cross an ecological barrier (e.g., large bodies of water, deserts, or mountain 

ranges), predation risk, and habitat quality (Newton, 2008). For instance, passerines preparing to 

migrate over hospitable habitats store 20 – 30% of their lean body mass as fat, whereas 

passerines preparing to cross an ecological barrier typically store 50 – 70% of their lean body 

mass as fat (reviewed in Guglielmo, 2018). Long-distance migratory shorebirds commonly show 

extreme pre-migratory fat gains. For example, fat makes up over half of the total body mass of 

bar-tailed godwits (mean fat mass is 201 g on birds that have an average total body mass of 367 

g) prior to departure for their non-stop migration between Alaska and New Zealand (Piersma and 

Gill, 1998). Similarly, Red knots (Calidris canutus) staging in Iceland increase in body mass by 

almost 50% (144 to 215 g) as they prepare to migrate to their high arctic breeding grounds, and 

fat contributes to over 100% these body mass increases due to the loss of lean mass (intestinal, 

leg muscle, liver and stomach mass) at the end of staging (Piersma et al., 1999). Therefore, long-
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distance avian migrants, and shorebirds in particular, truly are “obese super athletes” 

(Guglielmo, 2018).  

1.2.1 Physiological mechanisms of pre-migratory fuelling 

 Pre-migratory fuelling requires that birds quickly and efficiently absorb, transport, and 

store fats. The fat for refuelling is primarily derived from dietary sources (Price, 2010). After a 

meal, dietary triglycerides are partially digested, emulsified with bile, and then hydrolyzed by 

pancreatic lipase to non-esterified fatty acids (NEFA) and glycerol (Ramenofsky, 1990; Yen et 

al., 2015). NEFA and glycerol are then absorbed, primarily through passive diffusion, into 

enterocytes, where triglyceride re-synthesis occurs (Price, 2010; Yen et al., 2015). In birds, 

triglycerides are transported through the portal vein in portomicrons, large lipoprotein particles 

analogous to the chylomicrons of mammals (Hermier, 1997). Data from poultry suggests that 

due to their large size, portomicrons are likely too large to pass through the portal capillaries into 

the liver; therefore most portomicrons enter the systemic circulation (Fraser et al., 1986). In 

addition to receiving fatty acids from dietary sources, the liver is also capable of de novo fatty 

acid synthesis from carbohydrate or protein (Chong et al., 2007). In the liver, NEFA, 

triglycerides, phospholipids, and other lipids are repackaged into very low density lipoproteins 

(VLDL) for transport in the systemic circulation to other tissues (Guglielmo, 2018; Price, 2010). 

Adipose tissue is the primary storage site for lipids. When portomicrons or VLDLs reach the 

adipose tissue, they are hydrolyzed to free fatty acids by lipoprotein lipases (Ramenofsky, 1990). 

Free fatty acids enter adipose tissues through both passive diffusion and protein-facilitated 

transport (e.g., by fatty acid transport proteins or fatty acid translocase/CD36; Koutsari et al., 

2011). Fatty acids are then re-esterified and stored in adipose tissues as triglycerides 

(Ramenofsky, 1990).  

 During pre-migratory fuelling, several physiological changes occur to optimize fat 

deposition. In many migratory bird species, the size and functional capacity of the intestine and 

liver increase during refuelling to enable higher levels of digestion and nutrient processing into 

fat (Guglielmo, 2018). During staging, digestive efficiency can be elevated by modifying the 

activity of digestive enzymes and transporters, prolonging gut retention times, and increasing 

intestinal leakiness (Guglielmo, 2018). The activity of many hepatic enzymes, including fatty 

acid synthase and glucose-6-phosphate dehydrogenase, increases during the pre-migratory 

period, resulting in an increased capacity for de novo fatty acid production (Guglielmo and 



6 

 

Williams, 2003; Shah et al., 1978). Interestingly, nightly torpor and seasonal hypothermia have 

been documented in hummingbirds (Carpenter et al., 1993; Hiebert, 1993) and barnacle geese 

(Branta leucopsis; Butler and Woakes, 2001), respectively, which is thought to enhance fat 

deposition by lowering energy expenditure on thermoregulation. It is unclear whether other pre-

migratory bird species also use seasonal or nightly hypothermia to enhance refuelling 

(Guglielmo, 2018).  

1.2.2 Optimal fat loads for migration  

Rapidly storing sufficient fat reserves is critical for long-distance migrants. However, an 

individual’s optimal departure fat load will depend on whether it behaves according to a time- or 

energy-minimization migration strategy. Most spring migrants employ a time-minimization 

migration strategy (Hedenström and Alerstam, 1997; Nilsson et al., 2013; Zhao et al., 2017) 

because early arrival on the breeding grounds in the spring is associated with higher reproductive 

success and greater reproductive performance. Birds that arrive earlier have access to higher 

quality territories and mates (Smith and Moore, 2005). Earlier arrival dates are associated with 

earlier breeding, bigger clutches, and larger offspring, which are more likely to survive and 

become breeding adults (McKellar et al., 2013; Norris et al., 2004; Smith and Moore, 2005). As 

well, earlier arriving females have additional time for renesting or to produce a second brood 

(Cooper et al., 2010; Smith and Moore, 2005), and earlier males have an increased likelihood of 

extra-pair mating success or polygyny (Canal et al., 2012; Cooper et al., 2010; Reudink et al., 

2009).  

Individuals following a time minimization migration strategy are expected to maximize 

migration speeds by maximizing refuelling rates and departure fuel loads (Alerstam and 

Lindström, 1990). During migration, relatively more time is spent at staging sites than in 

migration flight. Therefore, fuel deposition rate, rather than flight speed, determines the overall 

pace of migration (Houston, 2000; Nilsson et al., 2013; Schmaljohann et al., 2017). Departure 

fuel loads are also important determinants of migration pace. This is because larger fuel loads 

maximize an individual’s potential flight range, allowing birds to make more direct flights with 

fewer stopovers en route, which ultimately increases overall migration speeds (Alerstam, 2011, 

2001; Gómez et al., 2017). Given that time-minimizers store the maximum amount of fuel in the 

shortest possible time, the fuelling rates, and ultimately the departure fuel loads, of time-
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minimizers are highly dependent on staging site quality (Hedenström and Alerstam, 1997; Weber 

and Houston, 1997).  

Alternatively, avian migrants can also behave according to an energy-minimization 

migration strategy (Hedenström and Alerstam, 1997; Nilsson et al., 2013; Zhao et al., 2017). 

There are two types of energy-minimizers: those that minimize the energy costs of flight 

(transport energy-minimizers) and those that minimize the total energy costs of migration (total 

energy-minimizers; Hedenström and Alerstam, 1997). Transport energy-minimizers minimize 

flight costs by only accumulating the minimum amount of fat needed to travel to the next closest 

staging site (Hedenström and Alerstam, 1997). Total energy-minimizers minimize the energy 

required for both flight and staging. This involves a trade-off between minimizing the energy 

used to fly, which increases as fuel loads and flight speeds increase, and minimizing energy 

spent during staging, which decreases as fuel loads and flight speeds increase (Hedenström and 

Alerstam, 1997). Transport energy-minimizers are expected to have the most circuitous 

migration routes and the smallest departure fuel loads, which are not affected by refuelling rates 

during staging, while total energy-minimizers are expected to have intermediate migration 

speeds and departure fuel loads, which are affected by refuelling rates during staging 

(Hedenström and Alerstam, 1997; Weber et al., 1998). Therefore, factors that reduce staging site 

quality and lower refuelling rates and departure fuel loads are more likely to negatively impact 

individuals following a time-minimization migration strategy.   

1.2.3 Consequences of impaired pre-migratory fuelling 

Impaired pre-migratory refuelling can have serious population-level consequences for 

migratory birds. Many long-distance migrants must attain a fat load threshold before departure, 

especially before crossing an ecological barrier (Baker et al., 2004; Schaub et al., 2008). For 

example, Red knots staging in Delaware Bay require a departure mass of 180 to 200 g to have 

enough energy to fly to the breeding grounds and survive inclement conditions upon arrival 

(Baker et al., 2004). Red knots in Delaware Bay, like many other species of long-distance 

migrants (Both and Visser, 2001; Gill et al., 2001), have a strict migration schedule and leave on 

a specific date regardless of their condition (Baker et al., 2004, 2001). Failure to reach a mass 

threshold by the time of departure is associated with reduced adult survival, lower recruitment of 

young, and rapid population declines (Baker et al., 2004).  
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Fuel loads and fuelling rates can also influence individual departure decisions. In many 

cases, individuals with lower refuelling rates and fat loads depart later from wintering and 

staging sites, and, in turn, arrive later on the breeding grounds and show lower reproductive 

success (Cooper et al., 2015; Deppe et al., 2015; Dossman et al., 2016; Goymann et al., 2010; 

Norris et al., 2004; Schmaljohann and Naef-Daenzer, 2011). Alternatively, Duijns et al. (2017) 

found that fatter Red knots departed later than thinner birds, yet fatter birds still arrived earlier on 

the breeding grounds by waiting to select more favourable wind conditions at departure, which 

increased overall migration speeds. Fatter Red knots consequently experienced higher breeding 

success and lower mortality than thinner birds. Although it is possible for thinner individuals to 

‘catch up’ by increasing fuel deposition rates during staging (Atkinson et al., 2007) or to 

successfully reproduce following late arrival on the breeding grounds (Senner et al., 2015), these 

compensatory effects are not typically observed. Therefore, fuel loads and fuelling rates are 

important drivers of migratory population demographics.   

 There are several factors that can impair avian pre-migratory fuelling. Reduced food 

availability, for instance, directly limits pre-migratory fat deposition (Klaassen et al., 2012). This 

can be caused by the phenological mismatches produced by climate change (Both and Visser, 

2001) or the overharvesting of avian prey sources (Baker et al., 2004). Other factors can impair 

refuelling by reducing foraging times. For example, habitat loss increases density-dependent 

food competition (Dolman and Sutherland, 1994) and predator densities (Andren, 1992), which 

disrupts foraging and negatively affects refuelling rates (Lind and Cresswell, 2006; Moore and 

Yong, 1991; Pomeroy et al., 2006). Similarly, human disturbance during staging can flush birds 

from foraging areas and reduce their access to food (Burger et al., 2007). It is also possible for 

factors to impair pre-migratory fuelling physiology. Staging site contamination by environment 

toxicants, like petroleum products, pesticides, and persistent organic pollutants, is associated 

with lower body stores and fat accumulation (Bursian et al., 2017a; Elliott et al., 2007; Eng et al., 

2017; Harris and Elliott, 2011). Although long-distance migrants may be particularly vulnerable 

to toxicants during staging and migration (Klaassen et al., 2012), the relationship between 

toxicant exposure and impaired pre-migratory fuelling is poorly understood. Given the strong 

association between staging site quality, fat deposition, migration timing, and avian population 

dynamics, understanding the factors that reduce staging site quality and affect pre-migratory 

fuelling will have important implications for migratory bird conservation.  
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1.3 Oil pollution 

 Oil pollution in the marine environment poses a serious threat to birds in coastal 

wintering and staging habitats. Oil enters marine ecosystems from natural sources (i.e., natural 

seeps) and anthropogenic activities, including offshore drilling and production operations, spills 

from ships and pipelines, and run off from land (GESAMP, 2007; Morandin and O’Hara, 2016; 

National Research Council, 2003). It is estimated that between 0.5 and 8.4 million t of oil enter 

marine ecosystems globally every year (National Research Council, 2003). Large-scale 

catastrophic oil spills, such as the Exxon Valdez, Prestige, and Deepwater Horizon oil spills, are 

associated with mass avian mortality events (Balseiro et al., 2005; Burger, 1993; Deepwater 

Horizon Natural Resource Damage Assessment Trustees, 2016; Piatt et al., 1990), yet chronic, 

small-scale oil pollution may trigger comparable or greater cumulative bird mortalities (reviewed 

in Troisi et al., 2016).  

The acutely lethal effects of heavy oiling to birds are well studied. Birds die from oil 

spills when they are smothered in oil and suffocated (Camphuysen and Leopold, 2004). Birds 

also die from heavy external oiling, which disrupts the water-proofing, thermal insulation, and 

buoyancy properties of feathers, rendering birds flightless and unable to forage. Mortality from 

external oiling ultimately results from hypothermia, dehydration, and severe emaciation 

(Balseiro et al., 2005; Jenssen, 1994; Piatt and Van Pelt, 1997). Mortality from ingested oil 

results from kidney, liver, and gastrointestinal tract damage (Briggs et al., 1996). Although many 

birds are killed immediately following an oil spill, it has been suggested that chronic and 

sublethal exposure to oil and its toxic constituents, most notably polycyclic aromatic 

hydrocarbons (PAHs), may more seriously impact avian populations than acute mortalities 

(Bursian et al., 2017a). However, the physiological effects of chronic, sublethal oil and PAH 

exposure in birds are relatively less well characterized.  

1.3.1 Polycyclic aromatic hydrocarbons 

 PAHs are considered the most toxic constituents of oil pollution (Leighton, 1993). PAHs 

are made up of carbon and hydrogen atoms arranged in two or more fused aromatic rings (Abdel-

Shafy and Mansour, 2016; Douben, 2003; Eisler, 1987) (Figure 1.1). The PAHs in crude oil are 

formed naturally over geological time scales by low temperature, high pressure reactions of 

organic matter. PAHs are also produced by the incomplete combustion of organic matter (e.g., 

fossil fuels, wood, refuse; Albers, 2006; Latimer and Zheng, 2003). These compounds have high 
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melting and boiling points, low vapour pressures, and low hydrophobicity, which decreases with 

increasing molecular weight (Eisler, 1987; Latimer and Zheng, 2003). This property gives PAHs 

a higher affinity for organic phases than for water, and in the environment PAHs thus partition 

into the organic fractions in sediments, soil, and biota (Douben, 2003; Eisler, 1987).  

PAHs can thus bioaccumulate in marine organisms and enter higher trophic levels. The 

potential for PAH bioaccumulation increases in organisms with lower metabolic capabilities, 

higher lipid contents, and life history patterns that increase PAH exposures (Eisler, 2000; 

McElroy et al., 1989). For instance, marine invertebrates show high rates of PAH uptake but 

relatively inefficient PAH metabolism, which results in bioaccumulation (Meador et al., 1995). 

Recent work has shown that PAH bioaccumulation in avian invertebrate prey sources results in 

dietary PAH exposure in birds (Willie et al., 2017). Similarly, radiocarbon analyses have shown 

that oil from the Deepwater Horizon spill was incorporated into a terrestrial bird species, the 

seaside sparrow (Ammodramus maritimus), suggesting that Deepwater Horizon oil also entered 

terrestrial food webs (Bonisoli-Alquati et al., 2016). Although avian PAH exposure is expected 

following an oil spill, PAH bioaccumulation in birds is unlikely because birds efficiently 

metabolize and excrete PAHs (Albers, 2006).  
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Figure 1.1. Examples of petrogenic PAHs, showing the typified PAH structure of carbon and 

hydrogen atoms arranged into fused aromatic rings. 
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 Oil and PAHs can persist in the environment for decades following a spill. Oil can be 

sequestered into areas where it is sheltered from physical removal or weathering processes 

(Owens et al., 2008; Peterson et al., 2003). For instance, oil and elevated PAH concentrations 

were detected in subsurface sediments 16 years after the Exxon Valdez oil spill (Short et al., 

2007), and oil persisted on exposed and sheltered beaches in Chedabucto Bay, Nova Scotia, 36 

years after a spill from the Arrow oil tanker (Owens et al., 2008). Measurements of 

ethoxyresorufin-O-deethylase (EROD) activity, a sensitive biomarker of PAH exposure in birds 

(Esler et al., 2010; Head et al., 2015; Willie et al., 2017), indicated that harlequin ducks 

(Hisrionicus histrionicus) in Prince William Sound, Alaska, were exposed to oil contaminants up 

to 22 years after the Exxon Valdez oil spill (Esler et al., 2017). Therefore, chronic oil and PAH 

exposure is possible for birds that refuel at contaminated staging sites.  

1.3.2 Sublethal PAH toxicity in birds 

 PAHs and other cyclic hydrocarbons share similar toxic mechanisms of action (Sikkema 

et al., 1995). This involves an interference with cellular membrane function and with enzyme 

systems associated with the membrane (Neff, 1985). Many aromatic hydrocarbons are 

biotransformed to reactive metabolites, such as epoxides, which bind to cellular proteins and 

DNA, causing a dysregulation of gene expression and protein function, and can lead to oxidative 

stress (Abdel-Shafy and Mansour, 2016; Mchale et al., 2012; Sikkema et al., 1995). Another 

proposed mechanism of PAH toxicity in birds is an aryl hydrocarbon receptor (AhR)-mediated 

biochemical response (Albers, 2006), which can affect toxicities similar to other AhR ligands 

(Brunstrom, 1991).  

PAH and oil exposure produce a wide range of sublethal effects in birds. External oiling 

of the feathers is associated with impaired flight performance, including lower takeoff speeds 

(Maggini et al., 2017a), elevated flight energy costs (Maggini et al., 2017b), and taking less 

efficient flight paths (Perez et al., 2017a). Well-documented effects of oil and PAH ingestion 

include hemolytic anemia (Newman et al., 2000; Seiser et al., 2000; Troisi et al., 2007) and 

immunosuppression (Briggs et al., 1997; Newman et al., 2000; Rocke et al., 1984). Oil and PAH 

ingestion is also associated with reproductive impairment in birds, and effects include infertility 

(Hough et al., 1993), reduced egg laying, and loss of incubation behaviour (reviewed in 

Leighton, 1993).  
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There is also evidence to suggest that PAH and oil exposure could impair avian pre-

migratory fuelling physiology. Observational post-spill work and experimental oiling studies 

provide evidence of impaired fuel deposition in the field. Loss of body condition is often 

observed in birds following an oil spill (Golet et al., 2002; Harris et al., 2011; Newman et al., 

2000; Troisi et al., 2016). For instance, following the Prestige oil spill, birds with heavy external 

oiling were emaciated, showing reduced abdominal, subcutaneous, and pericardial fat stores 

(Balseiro et al., 2005). Similarly, light application of crude oil to the feathers of homing pigeons 

(Columba livia) reduced mass gains between repeated experimental flights (Perez et al., 2017a, 

2017b). As well, circulating PAH levels were negatively correlated with body condition in birds 

at previously oiled sites (Alonso-Alvarez et al., 2007; Paruk et al., 2016), indicating that oil 

contaminant ingestion also influences avian fuel loads.  

There are several mechanisms by which oil and PAHs could impair pre-migratory 

fuelling. Hyperphagia is a crucial behaviour for pre-migratory birds, and both external (Burger 

and Tsipoura, 1998; Hughes et al., 1990) and oral (Cunningham et al., 2017) dosing studies 

measured reduced food intake following oil exposure. However, this is not always observed 

(e.g., Cunningham et al., 2017; Horak et al., 2017). PAHs also have the potential to impair fat 

absorption in fuelling migrants. This is suggested by work showing gastrointestinal damage and 

impaired nutrient absorption following oral and dermal oil exposure (Balseiro et al., 2005; 

Briggs et al., 1997, 1996; Bursian et al., 2017b; Crocker et al., 1975; Fry and Lowenstine, 1985; 

Harr et al., 2017a; Maggini et al., 2017c). External and oral PAH and oil exposure also cause 

thermal stress in birds, which is characterized by elevated heat loss and hypothermia and is 

associated with a compensatory increase in metabolic rates and mass loss (Balseiro et al., 2005; 

Bursian et al., 2017a; Butler et al., 1986; Cunningham et al., 2017; Harr et al., 2017b; Hughes et 

al., 1990; Jenssen, 1994; Maggini et al., 2017c). Furthermore, PAHs have the potential to disrupt 

the endocrine control of pre-migratory fuelling. PAHs alter estrogen activity (Lee et al., 2017; 

Zhang et al., 2016) and thyroid hormone (Troisi et al., 2016), prolactin (Cavanaugh et al., 1983; 

Cavanaugh and Holmes, 1987; Harvey and Philips, 1981), and corticosterone levels (Fowler et 

al., 1995; Lattin and Romero, 2014; Peakall et al., 1981), which regulate migratory fattening, 

nocturnal activity, and departure decisions (Cornelius et al., 2012). Finally, PAHs can also bind 

the AhR and generate the same responses as other AhR agonists (Soshilov and Denison, 2014). 

AhR activation can inhibit fatty acid synthesis (Tanos et al., 2012), adipose and muscle fatty acid 
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uptake (Brewster and Matsumura, 1988), and pre-adipocyte differentiation into mature fat cells 

(Brodie and Azarenko, 1996; Vogel and Matsumura, 2003). Ultimately, this results in peripheral 

fat mobilization and hepatic steatosis (Lee et al., 2010).  

Head et al. (2015) ranked the relative potency of eight PAHs to induce AhR-mediated 

EROD activity in chicken (Gallus domesticus), Pekin duck (Anas platyrhynchos), and greater 

scaup (Aythya marila) embryonic hepatocyte cultures. In all species, the relative AhR mediated 

PAH potency, in order from high to low potency, was: dibenz[ah]anthracene > 

benzo[k]fluoranthene > indeno[1,2,3-cd]pyrene >benzo[a]pyrene > chrysene ≈ 

benz[a]anthracene ≈ benz[ghi]perylene > benzo[b]naphto[2,3-d]thiophene, which is similar to 

the rank order potency for AhR-mediated responses in mammalian and fish cell lines (Bols et al., 

1999; Till et al., 1999; Villeneuve et al., 2002). 

Liver damage is a well documented effect of PAH and oil exposure (Albers, 2006; Harr 

et al., 2017a; Leighton, 1993). This has important implications for pre-migratory fuelling 

because the liver is an essential metabolic organ and plays a key role in energy and lipid 

homeostasis. Some important liver functions include de novo lipogenesis, triglyceride synthesis 

and storage, ketone body production, and bile acid synthesis (Hofmann, 1999; Rui, 2014). 

Correspondingly, recent work by Crump et al. (2017) found that exposure to Athabasca Oil 

Sands petcoke extracts, a major source of PAHs (Zhang et al., 2016), reduced the mRNA 

expression of lipid and cholesterol homeostasis genes in chicken (Gallus gallus domesticus) and 

double-crested cormorant (Phalacrocorax auritus) embryonic hepatocytes.  

1.4 Shorebirds as a pre-migratory fuelling model  

 Shorebirds (Order Charadriifomes) are a useful model for studying the effects of PAHs 

on avian pre-migratory fuelling. Shorebirds are particularly vulnerable to the toxic constituents 

of oil exposure because they are dependent on intertidal shoreline habitats, which are highly 

susceptible to oil spills (Henkel et al., 2012; Peterson et al., 2003). For example, the Gulf of 

Mexico provides key wintering and staging habitats to 28 migratory shorebird species (Withers, 

2002), but shorelines in this region are subject to frequent and recurrent oil pollution (Henkel et 

al., 2012). At least 2100 km of shoreline in the northern Gulf of Mexico (Louisiana, Mississippi, 

Alabama, and Florida) received an estimated 10,000 to 30,000 t of oil following the Deepwater 

Horizon oil spill (Beyer et al., 2016). As well, due to the ongoing and extensive oil extraction 
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and transportation activities in this region, Gulf of Mexico shorelines are subject to chronic and 

repeated exposure to smaller oil spills (Burger, 2017).  

The foraging ecology of shorebirds also increases their susceptibility to oil and PAH 

exposure. Many shorebird species feed primarily on marine invertebrates by picking and probing 

in subsurface sediments (Grond et al., 2015; Macwhirter et al., 2002), and incidental sediment 

ingestion during foraging is common in shorebirds (Mathot et al., 2010; Schultz et al., 1994). 

Shorebirds thus have a high potential for chronic PAH exposure at contaminated sites because 

PAHs tend to partition into subsurface sediments (Douben, 2003; Eisler, 1987) where they can 

persist for decades following a spill (Owens et al., 2008; Short et al., 2007). Shorebirds are 

exposed to higher PAH concentrations following the ingestion of contaminated prey as marine 

invertebrates are unable to efficiently metabolize PAHs and consequently bioaccumulate these 

compounds (Meador et al., 1995). Moreover, shorebirds generally exhibit high staging site 

fidelity, with large proportions of their populations wintering and staging together at specific 

locations (Drake et al., 2001). This behaviour increases the probability of repeated PAH 

exposure as shorebird populations return to contaminated sites every year (Henkel et al., 2012).  

Finally, shorebirds are of high conservation concern. This group is currently experiencing 

worldwide population declines (Clemens et al., 2016; Mackinnon et al., 2012; Thomas et al., 

2006; Zockler et al., 2003), and at least 61% of shorebird populations in North America are in 

decline (Andres et al., 2012). Impaired pre-migratory fuelling has been identified as an important 

factor in shorebird declines (Baker et al., 2004). Many arctic breeding shorebirds tend to use a 

time-minimization migration strategy in the spring. These birds therefore have high refuelling 

rates, extreme departure fat loads (see Section 1.2), and make direct flights between relatively 

few staging sites (Farmer and Weins, 1999; Gudmundsson et al., 1991; Jehl, 1997; Lyons and 

Haig, 1995). Time constraints commonly dictate that shorebirds leave on a specific date 

regardless of their current fat load (Baker et al., 2004, 2001), and reduced pre-migratory 

refuelling rates have been associated with a slower migration pace, lower departure masses, 

lower adult survival and fitness, and, ultimately, population declines (Baker et al., 2004; Gómez 

et al., 2017; Houston, 2000; Nilsson et al., 2013; Schmaljohann et al., 2017). Shorebirds 

therefore represent ecologically relevant sentinel species for investigating the effects of PAHs on 

pre-migratory fuelling.  
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1.5 Research needs 

 Although there is evidence to suggest that PAHs could limit pre-migratory fuel loads and 

refuelling rates, we have yet to establish a link between PAH exposure and impaired pre-

migratory fuelling. Moreover, whether sublethal PAH ingestion during staging ultimately 

influences migration timing is unknown. Long-distance migratory birds are currently 

experiencing global population declines (Holmes, 2007; Sanderson et al., 2006; Zockler et al., 

2003), and both impaired pre-migratory fuelling (Baker et al., 2004) and staging site oil pollution 

(Bursian et al., 2017a; Henkel et al., 2012) have been identified as important factors contributing 

to these declines. There is therefore an urgent need to directly assess and characterize the impacts 

of PAH exposure on pre-migratory birds, and this thesis aims to fill this knowledge gap.  

1.6 Thesis objectives and major hypotheses 

The overarching question of this thesis was: does sublethal PAH exposure impair avian 

pre-migratory fuelling? This was addressed through a series of captive and field studies that 

evaluated sub-organismal mechanisms and organismal- and population-level responses using 

Sanderling (Calidris alba), a long-distance migratory shorebird species, as a primary model.  

My first objective was to evaluate whether sublethal PAH ingestion affects pre-migratory 

mass gains. I addressed my first objective in Chapter 2, where I used a controlled dosing 

experiment to simulate dietary PAH exposure during staging. For this experiment, I orally 

exposed wild-caught Sanderling to environmentally-relevant PAH mixtures and concentrations 

for the duration of their autumn pre-migratory fuelling period. I hypothesized that sublethal PAH 

ingestion lowers Sanderling pre-migratory mass gains. My second objective was to investigate 

the physiological mechanisms of PAH-induced pre-migratory fuelling impairment. I also 

addressed my second objective in Chapter 2 by measuring EROD activity, serum biochemical 

profiles, and liver mass and lipid content in Sanderling from my captive dosing experiment. In 

Chapter 3, I examined possible molecular pathways for pre-migratory fuelling impairment by 

measuring the hepatic mRNA expression of eight target genes related to fat deposition and oil 

exposure in liver subsamples from these same birds.  

My third objective was to explore the effects of impaired fuelling on avian migration 

timing. In Chapter 4, I examined the relationship between PAH contamination and staging site 

quality for fuelling shorebirds. Because shorebirds typically maximize refuelling rates during 

staging (Baker et al., 2004; Farmer and Weins, 1999; Gudmundsson et al., 1991; Lyons and 
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Haig, 1995), differences in fuelling rates and staging durations reflect differences in staging site 

quality (Seaman, 2004). Therefore, I trapped Sanderling and Red knots at six key coastal staging 

sites in the Gulf of Mexico and assessed the quality of each site by measuring the current fuel 

loads, relative fuel deposition rates, and migratory departure dates of each species. I then 

estimated dietary PAH exposure by measuring total sediment PAH concentrations at these same 

sites. I hypothesized that PAH contamination lowers staging site quality for migratory 

shorebirds. I predicted that at staging sites with higher total sediment PAH concentrations, both 

species would exhibit lower fuel loads, lower fuelling rates, and later departure dates.  

In Chapter 5, I investigated whether pre-migratory fuel loads influence Sanderling 

migration timing. I used a combination of radio-telemetry and field measurements to examine the 

relationship between fuel loads and staging duration in Sanderling at six staging sites in the Gulf 

of Mexico and in Chaplin Lake, Saskatchewan. I hypothesized that fuel loads influence 

Sanderling migration timing by testing the prediction that stopover durations and departure dates 

are correlated with fuel loads at capture. I also tracked Sanderling movements to see if delays in 

departures from the Gulf of Mexico influenced arrivals and departures in Saskatchewan. I 

hypothesized that delays in migration carry-over from one staging site to the next. I tested the 

predictions that Gulf of Mexico departure dates are positively associated with Saskatchewan 

arrival dates and that Saskatchewan arrival and departure dates are positively related.   

My final objective was to synthesize the multiple datasets of the preceding chapters in a 

way that is useful to ecotoxicological risk assessment. Fully understanding how PAHs affect pre-

migratory fuelling, and ultimately avian populations, requires a mechanistic approach that links 

molecular-level events to adverse outcomes at the population-level. Therefore, the goal of my 

final chapter (Chapter 6) was to develop a putative adverse outcome pathway (AOP) that links 

the molecular mechanisms underlying pre-migratory fuelling impairment to the effects of 

impaired fuelling on migratory bird populations. By organizing the data of preceding chapters 

and existing knowledge into a progression of toxicity events, we gain a better understanding of 

how PAHs and toxicants with similar mechanisms of action can affect avian populations. 

Therefore, this thesis provides new information to help inform avian ecotoxicological risk 

assessments and to advance our understanding of the contaminant-related threats affecting the 

conservation of long-distance migratory birds.
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2 CHAPTER 2: POLYCYCLIC AROMATIC HYDROCARBON EXPOSURE 

IMPAIRS PRE-MIGRATORY FUELLING IN CAPTIVELY-DOSED SANDERLING 
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PREFACE 

Although previous research suggests that PAHs have the potential to limit fat deposition 

and disrupt lipid homeostasis, whether PAHs impair avian pre-migratory fuelling still required 

direct investigation. The aim of Chapter 2 was to directly assess the effects of sublethal dietary 

PAH exposure on avian pre-migratory fat deposition and fuelling physiology. This work used a 

controlled dosing study to eliminate confounding variables that can complicate the interpretation 

of results in the field. At the same time, every effort was made to replicate environmentally 

relevant conditions (i.e., PAH concentrations, exposure routes, and exposure durations) to more 

accurately evaluate the effects of PAHs on wild birds staging at a contaminated site. Directly 

measuring whether individuals that ingest PAHs during staging gain less mass was necessary to 

confirm the overall hypothesis of this thesis that PAHs impair avian pre-migratory fuelling. 

Chapter 2 also served as a foundation for subsequent experiments that anchored molecular-level 

results and field observations to effects at the individual level.  

 The content of Chapter 2 was reprinted (adapted) from Ecotoxicology and 

Environmental Safety, (10.1016/j.ecoenv.2018.05.036), K. Bianchini, C. Morrissey, “Polycyclic 

aromatic hydrocarbon exposure impairs pre-migratory fuelling in captively-dosed Sanderling 

(Calidris alba)” 161, 383-391. Copyright (2018), with permission from Elsevier.  

Author contributions: 

Kristin Bianchini (University of Saskatchewan) conceived, designed, and managed the 

experiment, generated and analyzed the data, prepared all figures, and drafted the manuscript. 

Christy A. Morrissey (University of Saskatchewan) provided inspiration, scientific input, and 

guidance, commented on and edited the manuscript, and provided funding for the research.  
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2.1 Abstract 

Efficient fuelling is essential for migratory birds because fuel loads and fuelling rates 

affect individual fitness and survival during migration. Many migrant shorebirds are exposed to 

oil pollution and its toxic constituents, polycyclic aromatic hydrocarbons (PAHs), at migratory 

staging sites, which has the potential to interfere with avian refuelling physiology. In this study, 

we orally dosed birds with environmentally-relevant PAH mixtures to simulate dietary shorebird 

exposure during staging. Forty-nine wild-caught Sanderling (Calidris alba) were orally dosed 

with 0 (control), 12.6 (low), 126 (medium), or 1260 (high) μg total PAH/kg body weight/day. 

Birds were dosed during a 21-day period of autumn pre-migratory fuelling to mimic the typical 

staging duration of Sanderling. We measured daily changes in mass and fat loads, as well as 

ethoxyresorufin-O-deethylase (EROD) activity, serum biochemical profiles, and liver mass and 

lipid content following dosing. All dose groups gained fat and increased in mass (size-corrected) 

during the study period, with females having a higher average body mass than males. However, 

mass gain was 3.9, 5.4, and 3.8 times lower in the low, medium, and high dose groups, 

respectively, relative to controls, and body mass in the medium and high dose groups 

significantly declined near the end of the experiment. EROD activity showed a dose-dependent 

increase and was significantly elevated in the high dose group relative to controls. Higher 

individual EROD activity was associated with reduced serum bile acid and elevated serum 

creatine kinase concentrations in both sexes, and with elevated serum lipase concentrations in 

females. These results suggest that PAH exposure in Sanderling can interfere with mechanisms 

of lipid transport and metabolism, can cause muscle damage, and can lead to reduced overall fat 

loads that are critical to staging duration, departure decisions, migratory speed, and flight range. 

Given that many shorebirds migrate thousands of kilometers between the breeding and wintering 

grounds and frequently aggregate at key staging sites that are subject to contamination, PAH 

exposure likely represents a significant threat to shorebird migratory success. 
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2.2 Introduction 

One incredible life history feature of birds is their ability to migrate. Most migrants rely 

exclusively on endogenously stored energy to fuel long-distance migration flights. As such, the 

pre-migratory period in birds is characterized by intense food consumption (hyperphagia) and a 

rapid accumulation of fuel stores as fat (Sandberg and Moore, 1996). Proper fuelling is critical 

for migrants because attaining a threshold fat load prior to departure, and particularly before 

crossing an ecological barrier (e.g., desert, large water body), increases the probability of 

surviving migration (Baker et al., 2004). Moreover, fat deposition rates are positively correlated 

with migration speed (Hedenström and Alerstam, 1997), and early arrival at the breeding 

grounds in spring increases reproductive performance (Sandberg and Moore, 1996). Therefore, 

migratory success and the demographics of migratory bird populations are closely related to the 

quality of re-fuelling (i.e., staging) sites along migration routes.  

For shorebirds (Order Charadriiformes), an ongoing threat to the quality of their staging 

sites is oil pollution. Many intertidal shoreline habitats are key staging sites for migrant 

shorebirds. Coastal environments, however, are subject to small, regularly occurring oil spills 

and to chronic exposure to residual oil from large spills (Henkel et al., 2012). PAHs have the 

potential to bioaccumulate in marine invertebrates and to be incorporated into the avian food 

chain (Willie et al., 2017). Biomarkers of oil exposure (measured as ethoxyresorufin-O-

deethylase (EROD) activity) indicate that birds are exposed to PAHs up to two decades 

following a spill (Esler et al., 2010). Shorebirds thus have a high potential for chronic PAH 

exposure at many coastal staging sites. Many migrant shorebird species also tend to exhibit high 

staging site fidelity, which makes them susceptible to repeated oil exposure at coastal staging 

sites that experience high levels of oil contamination (Henkel et al., 2012).  

PAHs are typically identified as the major source of toxicity in oil spills (Boehm et al., 

1998). Despite their relatively rapid metabolism and excretion in avian species (Albers, 2006), 

PAHs have many known toxic effects in birds and could interfere with avian pre-migratory 

fuelling physiology. Field studies on birds at previously oiled relative to unoiled sites reported 

lower body masses and parameters indicative of liver damage (e.g., elevated plasma aspartate 

aminotransferase, AST, and gamma-glutamyl transferase, GGT), and the magnitude of these 

effects were related to circulating PAH concentrations (Alonso-Alvarez et al., 2007). A well-

documented effect of oil and PAH ingestion is liver damage (Albers, 2006), which has the 
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potential to impair de novo fatty acid synthesis and to disrupt the production of bile and other 

digestive products (Duffy et al., 1996). Experimental oiling studies have also shown effects on 

nutrient absorption and fat deposition by reducing intestinal function, causing inflammation, and 

increasing metabolic rates (reviewed in Bursian et al., 2017a). A recent series of experiments that 

dosed double-crested cormorants (Phalacrocorax auratus), laughing gulls (Leucophaeus 

atricilla), western sandpipers (Calidris mauri), and rock pigeons (Columba livia) with artificially 

weathered Deepwater Horizon oil (Mississippi Canyon 252; MC252) reported several fuelling-

related effects, including reduced appetite; lower mass; changes in plasma chemistry and 

oxidative stress; higher relative liver weights; adrenal, kidney, liver, and thyroid lesions; and 

higher cytochrome P4501A (CYP1A) protein expression and catalytic activity (Bursian et al., 

2017a). Furthermore, oral oil and PAH doses increase corticosterone, thyroxine, and 

adrenocorticotropic hormone activities (Yanyan Zhang et al., 2016), which can influence rates of 

fat and protein metabolism and the regulation of pre-migratory fattening (Cornelius et al., 2012). 

PAHs can also bind to the aryl hydrocarbon receptor (AhR; Head et al., 2015) and have the 

potential to affect the responses of other AhR agonists. These include inhibiting fatty acid 

synthesis and increasing peripheral fat mobilization and hepatic steatosis (Lee et al., 2010).  

Despite this evidence, however, researchers have yet to establish a direct link between 

PAH exposure and impaired avian pre-migratory fuelling ability. Shorebirds are of particular 

conservation concern because many species of long-distance migrant shorebirds have 

demonstrated declines throughout their range (Zockler et al., 2003). Additionally, reduced 

fuelling ability has been associated with delayed migration and population declines in migrant 

shorebird species (Baker et al., 2004). Here, we used a controlled dosing study to examine 

individual responses to varying degrees of dietary PAH exposure in wild-caught Sanderling 

(Calidris alba), a long-distance migrant shorebird species. We measured changes in fattening, 

AhR activation, serum biochemical profiles, and liver steatosis following chronic exposure to 

environmentally-relevant PAH dosages during a period of autumn pre-migratory fattening. We 

hypothesized that PAH ingestion impairs Sanderling pre-migratory fuelling. We tested the 

predictions that Sanderling mass loads and fuelling rates would decrease with increasing levels 

of PAH exposure and that physiological indicators associated with fuelling would be impaired 

upon administration of higher PAH dosages. We discuss how observed effects could potentially 

affect shorebird migration.   
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2.3 Materials and methods 

2.3.1 Study species capture and husbandry 

Sanderling are a long-distance migratory shorebird species, capable of extreme pre-

migratory mass gains (e.g., 70% body mass increase during staging at Delaware Bay; Robinson 

et al., 2003). This species also has a high risk of oil exposure due to its heavy reliance on 

intertidal shoreline habitats (Henkel et al., 2012). As well, Sanderling are relatively abundant 

(Macwhirter et al., 2002), easy to trap and to keep in captivity (AL-Mansour, 2005), and have an 

adequate body size for dosing and sample collection. Based on these factors, Sanderling are 

suitable model organisms and ecologically relevant sentinel species for investigating how PAH 

exposure affects avian pre-migratory fuelling.  

Sanderling were trapped during northward migration from 21 May to 2 June, 2016, at 

Chaplin Lake, Saskatchewan, Canada (50°26′28.36′′, -106°40′9.37′′), using mist nets and noose 

carpets. Sanderling were captured under Scientific Banding Permit #10268L. All animal care 

protocols follow the Canadian Council on Animal Care guidelines for humane animal use, were 

approved by the University of Saskatchewan Animal Research Ethics Board and adhere to 

University of Saskatchewan Policy on Care and Use of Animals in Research (Animal Use 

Protocol #20120021).  

Sanderling can experience substantial mass loss following capture (~10% body mass loss 

in 13 hours; Schick, 1983). Therefore, individuals were only selected for use in this study if they 

weighed at least 50 g and had a fat score of at least 2 on a scale of 0 to 5. Because second year 

(SY) birds can exhibit different foraging and fuelling efficiencies than older, after second year 

(ASY) birds (Sandberg and Moore, 1996), only ASY birds were collected for this study. Fifty 

Sanderling were captured and transported to the Facility for Applied Avian Research (FAAR) at 

the University of Saskatchewan. One Sanderling died of unknown causes following transfer, and 

the remaining 49 birds were used for subsequent experiments. Sanderling were maintained in 

groups of 8 to 12 birds in outdoor aviaries designed to hold ponded fresh water with an artificial 

shoreline. Birds were fed commercial 3 mm trout chow pellets ad libitum, supplemented with 

mealworms. Following a two-week acclimation period, food consumption was recorded daily, 

and mass and fat scores were measured every four days to monitor for signs of autumn pre-

migratory fuelling. Following acclimation to captivity, masses remained stable until the onset of 

fuelling.  
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Birds were considered to have started their southward fuelling when they showed 

sustained increases in mass, fat, and food consumption, with at least a 10% increase in mass and 

1-point increase in fat score within four days. Experimental dosing treatments (described below) 

began once individuals started fuelling. Fuelling commenced between 11 – 31 July, which 

constituted a minimum of 40 days between capture and dosing. This was well above the typical 

two week depuration period of other oil and PAH dosing studies (e.g., Lattin and Romero, 2014), 

and, given the rapid metabolism of PAHs in birds (e.g., chicken embryos metabolize 100% of 

injected PAHs in 18 days; Albers, 2006), this amount of time was considered sufficient for 

depuration.  

2.3.2 Dosing procedure 

Generally, avian migrants tend to exhibit slower and less synchronous migration in 

autumn than in the spring (Hedenström and Alerstam, 1997). Likewise, the onset of pre-

migratory fuelling was staggered in our group of wild-caught Sanderling. Individuals were thus 

assigned to one of six cohorts for dosing, based on when they started to exhibit pre-migratory 

fuelling. First, each cohort was food restricted (fed 3.5 g food/bird/day) for four days to ensure 

that the process of fuelling was more fully captured by the dosing period. After four days, birds 

were again fed ad libitum, and individuals within each cohort were randomly assigned to one of 

four treatment groups.  

Treatment concentrations and conditions were chosen to simulate environmentally-

relevant PAH exposure levels and scenarios following an oil spill. During migration, the primary 

food source of Sanderling is aquatic invertebrates (Macwhirter et al., 2002), which can 

bioaccumulate total PAH (tPAH) concentrations of over 6000 μg/kg after a spill (Allan et al., 

2012). We therefore chose dosages that represent a dietary exposure range of 60 to 6000 μg 

tPAH/kg food/day. Fuelling Sanderling have ingestion rates as high as 12.6 g/day during staging 

(based on a 60 g bird; Vanermen et al., 2009). Therefore, assuming maximum fuel ingestion 

rates, dose solution volumes were adjusted daily according to each individual’s body mass to 

maintain nominal dosages of 0 (control), 12.6 (low), 126 (medium), and 1260 (high) μg tPAH/kg 

body weight/day.  

The PAH composition and concentration of every crude oil source is unique. Moreover, 

the fate, transport, composition, and persistence of PAH mixtures in the environment following 

an oil spill is a product of many complex processes, including the location of the spill and the 
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physical, chemical, and biological weathering processes affecting oil in that location (Reddy et 

al., 2012). It is consequently very difficult to perfectly mimic chronic PAH exposures from any 

one spill. Therefore, we chose a dose solution that closely matched the compositional mixture of 

PAHs detected following the Exxon Valdez (Boehm et al., 1998) and Deepwater Horizon 

(Reddy et al., 2012) oil spills. For this, we used a commercial PAH mixture (QTM PAH Mix, 

Sigma-Aldrich) composed of 2,000 μg/ml each of acenaphthene, acenaphthylene, anthracene, 

benz[a]anthracene, benzo[b]fluoranthene, benzo[ghi]perylene, benzo[a]pyrene, 2-

bromonaphthalene, chrysene, dibenz[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-

cd]pyrene, naphthalene, phenanthrene, and pyrene in dichloromethane (DCM; tPAH = 32,000 

μg/ml).  

The commercial mixture was diluted in food-grade organic sunflower oil (Compliments 

brand, Sobeys Canada) to produce three target dose solutions of 164.57 (low), 1,645.71 (med), 

and 16,457.14 (high) μg/ml tPAH. DCM was also added to the control (sunflower oil only), low, 

and medium dose solutions to ensure that all solutions contained equal ratios of oil:DCM and 

that the only variable amongst dose groups was the tPAH concentration. Daily dosages were 

administered by force-feeding each Sanderling a mealworm injected with a small (μl) volume of 

the appropriate dose solution. For 2 cohorts on day 9 (n = 8) and day 7 (n = 12) of dosing, we 

discovered that our Hamilton syringes were not drawing up the dosing solution. We confirmed 

this was due to the syringes being faulty for an unknown period of time. Therefore, we switched 

to using disposable 0.3 insulin syringes for injection and extended the dosing by 6 and 4 days, 

respectively, for these first cohorts only. All other birds in subsequent cohorts (n = 29) were 

dosed for 21 days to mimic the typical staging duration of Sanderling (Robinson et al., 2003).  

2.3.3 Body measurements and sample collection 

 Sanderling mass was measured daily during dosing to calculate mass gain and fuelling 

rates, and tarsus and bill lengths were measured to calculate size-corrected body masses. 

Sanderling were humanely euthanized by CO2 asphyxiation 24 hours after the final dosing day. 

Birds were immediately exsanguinated by cardiac puncture. Whole blood samples were left to 

clot at room temperature for 1 h, and serum samples were collected following centrifugation and 

stored at -80°C until further processing. During exsanguination, small subsamples of whole 

blood (two per bird) were drawn into heparinized microhematocrit tubes and centrifuged for 

hematocrit measurements. For each bird, the average of both tubes’ hematocrit values was used 



26 

 

for analysis. Whole liver masses were recorded. Livers were cut into pieces (~ 0.03 g each), 

which were flash frozen on dry ice and stored at -80°C for EROD activity and histochemical 

analyses. Sex was determined by post-mortem examination of the gonads.  

2.3.4 Serum chemistry 

To determine the physiological fuelling status of birds, we tested the serum levels of 

eleven key analytes: aspartate aminotransferase (AST), bile acids, β-hydroxybutyrate (BOHB), 

cholesterol, creatine kinase, gamma-glutamyl transferase (GGT), glucose, lipase, non-esterified 

fatty acids (NEFA), triglyceride (TG), and uric acid (UA). Circulating TG, lipase, and NEFA are 

directly indicative of lipid storage, metabolism, and mobilization, respectively. BOHB and UA 

are the products of NEFA and protein metabolism, and high levels of these analytes suggest 

energy shortages (reviewed in Landys et al., 2005). Bile acids, which are synthesized from 

cholesterol, facilitate the digestion and absorption of fats (Staels and Fonseca, 2009). We also 

measured glucose, which is involved in energy production and fatty acid synthesis, and 

circulating glucose concentrations are negatively correlated with body mass (Braun and 

Sweazea, 2008). High creatine kinase levels suggest high energy metabolism and also indicate 

muscle damage (Baird et al., 2012). Finally, given the liver’s key role in regulating lipid levels 

and the known hepatotoxic effects of PAHs (see above), we also measured GGT and AST levels, 

which can be elevated in response to liver damage (Alonso-Alvarez et al., 2007). Samples were 

analyzed by Prairie Diagnostic Services, Saskatoon, SK, using the Cobas c311 Chemistry 

Analyzer (Roche Diagnostics, Laval, Quebec). Samples were scored for levels of lipemia, 

hemolysis, and hyperbilirubinemia using the scale: none, slight, 1+, 2+, and 3+. These three 

factors can affect serum chemistry results and were included as random effects in our analyses 

where appropriate (see below).  

2.3.5 EROD assay 

 Frozen liver samples (~ 30 mg) were homogenized on ice in 200 μl of ice-cold Tris 

buffer (0.05 M Tris, 8.6% sucrose, pH 7.4). Homogenates were centrifuged at 10,000 x g for 10 

min at 4°C. The supernatant of each sample was transferred to pre-chilled ultracentrifuge tubes 

and centrifuged again at 100,000 x g for 30 min at 4°C. The resulting supernatant was discarded, 

and the microsomal pellet was re-suspended in ice-cold microsome stabilizing buffer (20% 
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glycerol, 0.1 M KH2PO4, 1 mM EDTA, 1 mM dithiothreitol) at a volume of 3 ml buffer per gram 

of tissue originally used (dilution was accounted for during final EROD activity calculation).   

The microsomal EROD activity and protein concentration of each sample were analyzed 

simultaneously following the methods of Kennedy and Jones (1994), which were modified for 

use in 96-well plates by Doering et al. (2012). EROD and protein standard curves were generated 

using dilutions of resorufin and bovine serum albumin, respectively. For EROD measurement, 

all reaction wells contained 16 μl of microsome, 30 μl of 7-ethoxyresorufin working solution, 

and 65 μl HEPES buffer (0.05 M HEPES, pH 7.8). Following incubation for 10 min at 37°C, 

EROD reactions were initiated by addition of 30 μl nicotinamide adenine dinucleotide phosphate 

(NADPH). Resorufin was quantified at 5, 7, 10, 15, 20, 25, 30, 40, and 45 min at 530 nm 

excitation and 590 nm emission wave-lengths in a fluorescence plate reader (POLARstar 

OPTIMA, BMG LAB-TECH, Cary, NC, USA) at 37°C. EROD reactions were then stopped by 

the addition of 60 μl florescamine. Plates were incubated at room temperature in the dark for 10 

min, and then protein was quantified at 400 nm excitation and 460 nm emission. All samples 

were analyzed in triplicate and averaged for analyses.  

2.3.6 Liver lipid content 

 Hepatic lipid content was quantified as described in Mehlem et al. (2013). Briefly, frozen 

tissue samples were embedded in Tissue-Tek® O.C.T. compound (Electron Microscopy 

Sciences). At least 10 cryo-sections (12 μm) were obtained from different depths of each sample. 

Sections were mounted onto Superfrost Plus microscope slides (VWR) and were stained for 

neutral lipids using oil red O (ORO, Sigma-Aldrich). Tissue images were taken using a digital 

camera mounted on a microscope (Zeiss Axioplan, Cal Zeiss Canada Ltd., Toronto, Canada) and 

ZEN 2 software (Carl Zeiss Microscopy GmbH, Jena, Germany), and lipid droplet quantification 

was performed using Image J software.  

2.3.7 Statistical analyses 

 Changes in size-corrected body mass over time with treatment were assessed using a 

longitudinal mixed effects model. Body mass (size-corrected) was calculated as the residuals of a 

linear regression of body mass against tarsus and bill length. We assessed changes in mass over 

time (i.e., experimental dosing day) among treatment groups (nominal factor) and included an 

interaction term for treatment and time as fixed effects in our global model. We also tested for 



28 

 

possible differences among sexes and the interaction of sex and treatment as fixed effects. Given 

that mass increases over time were not linear, we also added a quadratic term for time and the 

interaction between this quadratic term and treatment as fixed effects. Individuals in our captive 

cohort showed large variations in body mass at the start of the experiment and in mass changes 

over time. This variation was controlled for statistically by applying a random intercept of bird 

identity nested within cohort and a random slope of time. Inclusion of these random effects better 

fit the data as determined by lower AICc scores (Akaike's information criterion corrected for 

small sample size; Burnham and Anderson, 2002). Model selection was determined by lowest 

AICc scores, model weights, and deviance scores, following Burnham and Anderson (2002).  

Differences in liver EROD activity among treatment groups were analyzed using a linear 

mixed effects model. We tested the effect of tPAH treatment and sex on EROD activity by 

including treatment group, sex, and their interaction as fixed effects in the global model. We 

controlled for possible differences among dosing cohorts and for possible diurnal variations in 

EROD activity by including random intercepts for cohort and sampling time. AICc scores, model 

weights, and deviance scores were used for model selection (Burnham and Anderson, 2002). 

More than one model best described the variance in EROD activity (ΔAICc < 2). Therefore, 

weighted model-averaged estimates (i.e., relationships among variables) were calculated for 

fixed effects in the top model set. EROD data were log transformed to ensure that model 

residuals met the assumptions of normality and heteroscedasticity. For all subsequent analyses, 

EROD was used as a marker of PAH exposure, as we found that EROD better reflected exposure 

than the categorical dose group, likely due to differences in metabolism and possibly gut 

absorption efficiency of the dosing solution among individuals.  

For all other variables, we used linear mixed effects models to assess whether variation 

was related to changes in EROD activity or sex. Global models thus included fixed effects of 

EROD activity (log transformed), sex, and the interaction between EROD and sex. We 

controlled for any influence of dosing period by including cohort as a random effect. In all serum 

analyte models, we accounted for any diurnal fluctuations in serum analytes by including 

sampling time as a random effect. The analysis of some serum analytes can be affected by lysed 

red blood cells (hemolysis) and by the presence of fat (lipemia) and bilirubin 

(hyperbilirubinemia) and these factors were included as random effects where applicable. 

Lipemia was included in the models for BOHB, bile acid, hematocrit, NEFA, and triglyceride; 
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hemolysis was included in the models for bile acid, creatine kinase, GGT, and UA; and 

hyperbilirubinemia was included in the models for AST and lipase. Serum analyte response 

variables were transformed where necessary to ensure that model residuals met the assumptions 

of normality and heteroscedasticity: BOHB, creatine kinase, TG, hepatosomatic index (HSI), and 

liver lipid content were log transformed; UA was cube root transformed; lipase and hematocrit 

were power transformed (x4 and x2, respectively); and GGT and AST were cos-transformed. The 

methods used for serum analyte model selection and weighted model-averaged estimate 

calculation were the same as the methods described above for the EROD activity analysis.  

Serum analytes were further evaluated using a multivariate principal component analysis 

(PCA). The PCA converts a set of possibly correlated variables into a smaller number of 

uncorrelated variables called principal components (PC; Smith, 2002). The PCA allows us to 

visualize how serum analytes are related to each other and to analyze how they vary together 

with changes in EROD activity and with sex. The first 3 principal components (PC) were 

retained and individual PC1, PC2, and PC3 axis scores (see Smith, 2002) were extracted to use 

in above models as response variables. All modelling was performed in R version 3.2.5 (R Core 

Team, 2017). 

2.4 Results 

Average values for all whole body, liver, and serum responses by treatment group are 

shown in Table 2.1. The best approximating model for body mass (size-corrected) included fixed 

effects of time, time2 (describes the non-linear change in Sanderling mass over time), treatment, 

sex, and the interaction of time and treatment (Table 2.2). Mass increased over time (β = 0.60 ± 

0.15, p < 0.001), indicating fuelling occurred, and the polynomial term time2 indicated that this 

was a curvilinear relationship (β = -0.011 ± 0.004, p = 0.007), which plateaued at about Day 20, 

near the end of dosing (Figure 2.1A). tPAH exposure reduced Sanderling body mass by 3.9 (low 

dose), 5.4 (medium dose) and 3.8 (high dose) times that of controls (Table 2.2, Figure 2.1A). 

Interactions between time and treatment indicated that early fuelling rates were more rapid in the 

medium and high dose groups (medium dose: β = 0.76 ± 0.18, p < 0.001; high dose: β = 0.33 ± 

0.18, p = 0.06), but interactions between time2 and treatment in the medium and high dose 

groups also indicated a decline in fuelling rates at the end of the experiment (medium dose: β = -

0.030 ± 0.006, p < 0.001; high dose: β = -0.015 ± 0.006, p = 0.006). For example, mass peaked at 



30 

 

Table 2.1. Measured whole body, liver, and serum responses in Sanderling at the end of a 21-day 

exposure to nominal dosages of 0 (n = 12), 12.6 (n = 12), 126 (n = 12), and 1260 (n = 13) µg/kg-

bw/day of a commercial PAH mixture. Values are mean ± standard error. 
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Table 2.2 Summary of parameter estimates and significance (p < 0.05) for the terms retained in 

the best-approximating model (based on lowest Akaike’s information criterion corrected for 

small sample sizes, AICc) to explain variation in body mass (size-corrected) over time and 

EROD activity in Sanderling orally exposed to nominal treatment dosages of 0 (n = 12), 12.6 (n 

= 12), 126 (n = 12), and 1260 (n = 13) µg/kg-bw/day of a commercial PAH mixture for 21 days. 

Response Parameter β estimate ± SE p 

Body mass (size-
corrected)a 

time 
time2 

sex (male) 

treatment 12.6 
treatment 126 

treatment 1260 

time x treatment 12.6 
time x treatment 126 

time x treatment 1260 

time2 x treatment 12.6 

time2 x treatment 126 
time2 x treatment 1260 

(5.96  
(-1.08  

-5.59  

-3.90  
-5.35  

-3.84  

0.228  
0.760  

0.331  

(-9.94  

(-2.96  
(-1.52  

± 1.45) x 10-1 

± 0.40) x 10-2 

± 1.42 

± 2.00 
± 2.01 

± 1.96 

± 0.178 
± 0.178 

± 0.175 

± 5.65) x 10-3 

± 0.57) x 10-2 

± 0.59) x 10-2 

<0.001
* 

0.007 

<0.001 

0.06 
0.01 

0.06 

0.2 
<0.001 

0.06 

0.08 

<0.001 

0.006 

ERODb treatment 12.6 

treatment 126 
treatment 1260 

sex (male) 

0.106  

(0.899 
0.616  

0.152  

± 0.249 

± 2.49) x 10-1 

± 0.243 

± 0.189 

0.7 

0.7 
0.01 

0.4 
a Global model included fixed effects of treatment group, time, sex, a quadratic (non-linear) term for time 

(time2), and all interaction terms in addition to a random slope of time and a random intercept of bird 
identity nested within cohort.  
b Global model included fixed effects of treatment group, sex, and the interaction of treatment and sex, in 

addition to random intercepts for cohort and sampling time.  
* Boldface type indicates statistical significance (p < 0.05). 
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Figure 2.1. Changes in Sanderling pre-migratory size-corrected body mass over time (A) and by 

sex (B; females n = 27, males n = 22) during a 21-day oral exposure to nominal dosages of 0 

(Control, n = 12), 12.6 (Low, n = 12), 126 (Medium, n = 12), or 1260 (High, n = 13) µg/kg-

bw/day of a commercial PAH mixture. Lines and boxes indicate model-based estimates of the 

weighted model-averaged means ± a 95% confidence interval. In panel A, line colours indicate 

treatment group (black = Control, blue = Low dose, purple = Medium dose, and red = High 

dose). In panel B, dots represent points outside of the 95% confidence interval.
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approximately 18 and 20 days in the medium and high dose groups, respectively, and decreased 

thereafter, whereas controls gained mass throughout dosing and achieved and maintained their 

peak mass at the end of the experiment (Figure 2.1A). At the end of the experiment, male birds 

had a lower mean body mass than females (β = -5.6 ± 1.4, p < 0.001; Figure 2.1B), but there was 

no interaction between sex and treatment. 

EROD activity was best predicted by dose group (Table 2.2; see Table A.1 for model 

selection results). Higher tPAH dosages caused an induction of EROD activity relative to 

controls, which was significantly higher in the high dose group (low dose: β = 0.11 ± 0.25, p = 

0.68; medium dose: β = 0.09 ± 0.25, p = 0.73; high dose: β = 0.62 ± 0.24, p = 0.01; Figure 2.2).  

EROD, a reliable indicator of PAH exposure (Head et al., 2015), was further supported as 

a predictor of effects on serum analytes and liver endpoints. EROD was consistently in the best-

supported model sets for most liver and serum responses, including liver lipid content, bile acid, 

cholesterol, creatine kinase, GGT, hematocrit, lipase, NEFA, and uric acid, but not AST, BOHB, 

triglyceride, and HSI (see Tables A.2 and A.3 for model selection results). Increasing EROD 

activity was significantly associated with lower concentrations of bile acid (β = -13.5 ± 6.4, p = 

0.04; Figure 2.3A) and with higher concentrations of creatine kinase (β = 0.41 ± 0.15, p = 0.01; 

Figure 2.3B). In female birds, EROD activity was positively correlated with lipase 

concentrations (β = 560 ± 249, p = 0.03; Figure 2.3C). At increasing levels of EROD activity, 

plasma cholesterol, GGT, and NEFA tended to increase, and hematocrit, UA, and liver lipid 

content tended to decrease, but these trends were not statistically significant (p > 0.05). In 

addition, sex explained variance in the top model sets predicting BOHB, bile acid, cholesterol, 

glucose, lipase, and liver lipid content but was not formally significant (p > 0.05). Triglyceride, 

AST, and HSI were not explained by differences in EROD, sex, or the interaction of EROD and 

sex (i.e., the null model was the top model for these responses; Table 2.3). 
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Figure 2.2. Induction of hepatic EROD activity in Sanderling orally exposed to nominal dosages 

of 0 (Control, n = 12), 12.6 (Low, n = 12), 126 (Medium, n = 12), or 1260 (High, n = 13) µg/kg-

bw/day of a commercial PAH mixture for 21 days. Values are model-based estimates of the 

weighted model-averaged means ± a 95% confidence interval. Asterisk indicates a statistically 

significant difference from controls (p < 0.05). 
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Table 2.3. Summary of parameter (β) estimates and significance (p < 0.05) for terms retained in 

the best-approximating models (based on lowest Akaike’s information criterion corrected for 

small sample sizes, AICc) to explain variation in physiological response variables in Sanderling 

exposed to nominal dosages of 0 (n = 12), 12.6 (n = 12), 126 (n = 12), and 1260 (n = 13) µg/kg-

bw/day of a commercial PAH mixture for 21 days.  

Responsea 

Parameter β estimate ± SE 

EROD sex (male) 
EROD x sex 

(female) 

Liver measurements    
Liver lipid content -0.142 ± 0.109 0.140 ± 0.144 x 

HSI x x x 

Serum analytes   x 

AST x x x 
Bile acid -13.5 ± 6.4* -14.1 ± 8.1 x 

BOHB x 0.176 ± 0.134 x 

Cholesterol 0.496 ± 0.584 0.636 ± 0.749 x 
Creatine kinase 0.410 ± 0.145* x x 

Glucose x -0.716 ± 0.676 x 

GGT 0.117 ± 0.128 x x 
Hematocrit -214 ± 200 x x 

Lipase 418 ± 286 450 ± 225 560 ± 249* 

NEFA 0.110 ± 0.058 x x 

TG x x x 
Uric Acid -0.600 ± 0.310 x x 

a 
Global models included fixed effects of EROD activity, sex, and the interaction of EROD activity and 

sex. All models included cohort as a random intercept, all serum analytes included sampling time as a 
random intercept, and lipemia, hemolysis, and hyperbilirubinemia were included as random intercepts 

where appropriate (see Section 2). x indicates that a fixed effect was not included in that response’s top 

model. Asterisks indicate statistical significance (p < 0.05).  



36 

 

 

Figure 2.3. Relationship between EROD activity and serum bile acid (A), EROD activity and 

serum creatine kinase (B), and the effect of the interaction between EROD activity and sex 

(females n = 27, males n = 22) on serum lipase (C) in Sanderling treated with nominal dosages of 

0 (n = 12), 12.6 (n = 12), 126 (n = 12), or 1260 (n – 13) µg/kg-bw/day of a commercial PAH 

mixture for 21 days. Lines indicate best-fit linear trends with 95% confidence intervals (shaded 

areas).
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A multivariate PCA was performed to evaluate the relationship among all serum analytes 

(Table A.4; Figure A.1). Principal component (PC) axis 1, PC2, and PC3 explained 29.5, 13.7, 

and 10.7% of the variance among the serum analytes, respectively. There was no clear separation 

of birds into clusters based on treatment group, although birds in the control and low dose groups 

tended to have more positive scores along PC2 relative to birds in the medium and high dose 

groups (Figure A.1). Increasing EROD activity was associated with lower scores along PC 2 (β = 

-0.39 ± 0.20, p = 0.06), which was unaffected by sex and the interaction of EROD and sex. 

Changes in PC1 and PC3 were not explained by differences in EROD, sex, nor the interaction of 

EROD and sex (i.e., the null model was the top model for these responses; see Table A.5 for 

model selection results). 

2.5 Discussion 

We hypothesized that PAH ingestion would impair Sanderling pre-migratory fuelling. 

This study is unique in tracking the effects of sublethal oral PAH exposure in a wild shorebird 

species during its pre-migratory fuelling period, which has important implications for 

understanding the effects of ongoing oil spills on migrant birds. Our dosing concentrations were 

within the range of environmental levels measured in marine species in the Gulf of Mexico 

following the Deepwater Horizon oil spill (ranging from 21 – 143 μg/kg in finfish to 3676 μg/kg 

in oysters; Gohlke et al., 2011). The compositional mixture of PAHs used in this study also 

closely match those detected following the Exxon Valdez and Deepwater Horizon oil spills 

(Boehm et al., 1998; Reddy et al., 2012). Furthermore, the 21-day experimental period represents 

the average staging duration of Sanderling (Robinson et al., 2003). This study thus simulated the 

ingestion of a PAH-contaminated food source during staging. Lastly, experiments were 

conducted on wild-caught Sanderling, which, like other wild avian populations, are more 

genetically polymorphic, and have different ages, dietary histories, and previous xenobiotic 

exposures, relative to many uniform captive lab populations. Therefore, these results are likely 

more representative of how a wild Sanderling population might respond to PAH ingestion and 

the type of variance that may be expected among wild birds.   

2.5.1 PAH Exposure  

EROD activity is a common and sensitive biomarker for oil contaminant and PAH 

exposure in birds (e.g., Esler et al., 2010; Head et al., 2015; Willie et al., 2017). Induction of 
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EROD activity occurs when PAHs and related halogenated aromatic hydrocarbons bind to the 

AhR, which promotes the transcription of several genes, including the enzyme CYP1A. The 

activity of CYP1A is commonly measured as EROD activity (reviewed in Head et al., 2015). 

Therefore, statistically significant increases in EROD activity in the high dose group relative to 

controls confirmed PAH exposure in these captively-dosed Sanderling. Liver EROD activity is 

thus a strong measure of PAH exposure for the analysis of all liver and serum response variables.  

2.5.2 Fuel loads and fuelling rates 

Our body mass results show that PAH exposure produced whole-organism-level changes 

in Sanderling fuelling ability. At the end of the 21-day dosing period, we found that body mass 

(size-corrected) gain was 3.9, 5.4, and 3.8 times lower in the low, medium, and high dose groups, 

respectively, relative to controls. PAH effects on mass gain were not formally dose-dependent; 

however, all treatment groups showed impairment relative to controls. Perez et al. (2017a) 

similarly observed reduced post-flight mass gains in homing pigeons (Columba livia) following 

external oiling, but did not test various levels of exposure. Previous work in wintering western 

sandpipers observed a dose-dependent mass loss following 20 days of oral exposure to 

artificially weathered Deepwater Horizon oil (Bursian et al., 2017b). However, the mechanisms 

regulating mass gain during the pre-migratory period differ from those that maintain mass during 

wintering and breeding (Cornelius et al., 2012). It is therefore unknown why PAH effects on 

mass gain were not strictly dose-dependent, but individual variation in the high dose group may 

have contributed. Nevertheless, fuelling rates in the medium and high dose groups decreased 

towards the end of the experimental dosing period (after days 18 and 20, respectively), 

suggesting that higher PAH dosages affected the threshold timing of fat deposition. We also 

found that male Sanderling had a lower mean body mass than females. This sexual size 

dimorphism has been observed previously in Sanderling (Lourenço et al., 2016). However, we 

did not observe PAHs differentially affecting the sexes in terms of fuelling rates and total mass 

gain. 

It is important to note that our measurements were taken in older Sanderling (after second 

year, ASY) and during the Sanderling’s autumn pre-migratory fuelling period. Juvenile  (< 3 

months old) and first time migrating birds (second year, SY) birds appear to exhibit different 

strategies and efficiencies in foraging, fuelling, and fat deposition than older birds (Sandberg and 

Moore, 1996). Similarly, the physiological regulation of avian pre-migratory fuelling varies 
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between spring and autumn migrants (for review, see Cornelius et al., 2013). Therefore, PAH 

ingestion in younger birds or in spring migrants could produce results that vary from those of this 

study.  

These fuelling results could have important implications for migrant birds, with the 

potential for seasonally dissimilar outcomes. Spring migrants tend to exhibit a time-minimization 

strategy, depositing as much fat as possible as quickly as possible to meet the nutritional 

requirements for migration and breeding (Hedenström and Alerstam, 1997). Time-minimizers 

appear to have relatively fixed departure dates and can leave their staging site at a specific time 

regardless of whether they have reached the threshold mass required for migration and for 

initiating breeding (Baker et al., 2004). In spring-migrating Red knots (Calidris canutus), for 

example, lower fuelling and departure masses were associated with reduced adult survival, lower 

recruitment of young, and, ultimately, population declines (Baker et al., 2004). Conversely, 

autumn migrants tend to exhibit an energy-minimization migration strategy, and migration pace 

should not be influenced by fuel loads or refuelling rates (Hedenström and Alerstam, 1997). 

Given the differences between spring and autumn migrants, we predict that PAH ingestion in the 

spring is more likely to have survival and fitness consequences and possible population-level 

effects from “flying lean”. Investigating seasonal differences in toxicant effects in migrant birds 

could be an important area for future avian ecotoxicological research. 

2.5.3 Mechanisms for fuelling impairment 

Our serum analyte results provide insight into the mechanisms by which the above body 

mass changes may have occurred. The observed changes in serum bile acid concentrations are a 

clear indication of altered fatty acid metabolism and absorption in dosed Sanderling. Bile acids 

are potent emulsifiers and play a key role in solubilizing hydrophobic compounds, including 

lipids and fat-soluble vitamins, and in facilitating their digestion and absorption (Staels and 

Fonseca, 2009). Previous studies found that the AhR agonist TCDD alters the expression of 

genes related to cholesterol synthesis and metabolism (Sato et al., 2008), and that TCDD 

administration in rats inhibits the synthesis and excretion of bile acids (Fletcher et al., 2005). 

Therefore, PAH ingestion may have lowered bile acid concentrations in Sanderling through an 

AhR-mediated pathway.  

The changes in circulating creatine kinase suggest a change in overall energy metabolism 

and muscle damage in dosed Sanderling. Previous studies confirm that oil and PAH exposure 
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can increase circulating creatine kinase concentrations (Duffy et al., 1996). Creatine kinase is a 

central regulatory enzyme in energy metabolism. Creatine kinase is found in high concentrations 

in the cytosol of tissues with a high energy demand, like the skeletal muscle, and cellular 

disturbances can cause creatine kinase to leak from cells into the blood (reviewed in Baird et al., 

2012). For this reason, elevated creatine levels are a widely used marker of skeletal muscle 

damage (Guglielmo et al., 2001).  

This PAH-induced muscle damage can have functional consequences for exposed birds. 

Alderman et al. (2017b) found that swimming performance was reduced in Sockeye salmon 

(Oncorhynchus nerka), a migratory fish species, exposed to 66.7 μg/l tPAH for 4 weeks. 

Similarly, muscle damage due to PAH ingestion during staging could reduce a bird’s migratory 

flight performance. PAH-induced muscle damage also has the potential to affect overall 

migration speeds. Previous work by Guglielmo et al. (2001) found that migration flights cause 

muscle damage that must be repaired during staging and that the time spent repairing muscle 

damage upon arrival can influence ‘settling times’ (the time between arrival and initiating 

fuelling). Settling times strongly influence overall staging durations, which, in turn, affect total 

migration speeds (Hedenström and Alerstam, 1997). Presumably the added muscle damage 

caused by staging site PAH exposure would limit a bird’s ability to also repair migration-induced 

muscle damage and could delay departure.  

Although serum lipase concentrations were positively associated with EROD activity in 

female Sanderling, it is unlikely that these results reflect a meaningful change in pre-migratory 

fuelling physiology. Overall males tended to have higher lipase concentrations than females (β = 

450 ± 225; p = 0.05; Table 3), and untransformed female lipase concentrations (7.00 ± 0.26, 7.00 

± 0.22, 7.20 ± 0.37, and 6.88 ± 0.44 in the control, low, medium, and high dose groups, 

respectively) only show a marginal increase in the medium dose group (+2.9%) and a slight 

decrease in the high dose group (-1.7%) relative to controls. Serum lipase concentrations in our 

Sanderling also remain within the normal physiological range of other avian species (Van Gils, 

2004). As well, any PAH-induced changes in female serum lipase concentrations and any related 

changes in lipid metabolism or in pancreatic and/or renal function, did not reduce female size-

corrected body mass relative to males.  

Several serum analytes were unaltered by PAH ingestion, and changes in many of the 

typical biological markers of PAH exposure (e.g. elevated AST and GGT, reduced hemoglobin, 
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liver steatosis; Albers, 2006; Alonso-Alvarez et al., 2007; Lee et al., 2010), were not observed. 

This is in accordance with recent work by Bursain et al. (2017b), who orally dosed wintering 

western sandpipers with artificially weathered MC252 oil for 20 days, and also found that 

plasma chemistry was largely unaltered by oil ingestion. The authors concluded that either the 

high gut transit time of shorebirds likely led to low PAH absorption or that western sandpipers 

are relatively insensitive to ingested oil, both of which may be similar for our closely related 

Sanderling. Nevertheless, it is interesting to note that our PCA results corroborate the changes 

commonly observed in serum biomarkers following PAH exposure: the significant negative 

association between PC2 and EROD activity suggest a positive association between EROD 

activity and serum markers of liver damage (AST and GGT; Alonso-Alvarez et al., 2007) and a 

negative association between EROD activity and hematocrit. Additionally, the negative 

association between PC2 and EROD activity suggests a positive association between EROD 

activity and cholesterol, which is metabolised into bile acids (Staels and Fonseca, 2009), and 

creatine kinase, which further confirms that the overall effects of PAH ingestion were a 

disruption of lipid homeostasis and muscle damage.  

2.5.4 Possible alternative mechanisms for impaired fuelling 

It is important to consider alternative physiological mechanisms that could be affecting 

pre-migratory fuel loads and fuelling rates in PAH-dosed Sanderling. Here, we measured EROD 

activity, which is a biomarker of AhR activation (Head et al., 2015), but other non-AhR-

mediated pathways not explored here are also affected by PAHs. For example, PAHs can 

increase the expression of the peroxisome proliferator-activated receptor gamma (PPARγ; Zhang 

et al., 2016), which regulates fatty acid storage and glucose metabolism (Wang, 2010). PAHs are 

also recognized endocrine disruptors that have been shown to alter thyroid, sex steroid, 

adrenocorticotropic, and corticosterone hormone activities (Yanyan Zhang et al., 2016), all of 

which can affect fat metabolism and the regulation of pre-migratory fuelling (Cornelius et al., 

2012). As well, we focussed on the liver as a target of PAH toxicity because a typical and well-

documented effect of PAH exposure is liver damage (Albers, 2006; Bursian et al., 2017a). 

However, PAHs and their reactive metabolites could affect other tissues and organs related to 

fuelling. For example, dietary benzo[a]pyrene intake causes intestinal damage (Ribiere et al., 

2016). Similar damage in exposed birds could reduce the absorptive capacity of the intestine, 

lowering the ability for PAH-exposed birds to absorb dietary nutrients, particularly over time. 
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2.6 Conclusions 

Pre-migratory fuelling is an essential and tightly regulated event in the life history of 

migrant birds. Because long distance migrants operate at the limits of physiological endurance 

exercise, even subtle changes in fuelling ability or fuelling speeds could negatively impact these 

birds. This study confirms that ingestion of environmentally-relevant PAH concentrations 

interferes with mechanisms for pre-migratory fuelling. We saw that PAH exposure over a 21-day 

period of pre-migratory fuelling reduced overall Sanderling body mass and the rate of body mass 

increase. As well, our measured serum analytes suggest that PAH ingestion affected the 

physiological mechanisms involved in lipid absorption and metabolism and can cause muscle 

damage. Our study thus highlights the negative impacts that chronic dietary exposure to PAHs 

can have on the fuelling physiology of migratory birds. 
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3 CHAPTER 3: POLYCYCLIC AROMATIC HYDROCARBON INGESTION 

ALTERS THE HEPATIC EXPRESSION OF GENES INVOLVED IN SANDERLING 

(CALIDRIS ALBA) PRE-MIGRATORY FUELLING
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PREFACE 

Oral dosing with environmentally-relevant PAH concentrations lowered Sanderling pre-

migratory mass gains and interfered with mechanisms for lipid absorption and metabolism 

(Chapter 2). Although serum biochemistry results suggested possible mechanisms by which 

PAHs may have impaired Sanderling pre-migratory fat deposition, further research was needed 

to characterize the molecular pathways underlying changes observed at the organismal level. 

Therefore, using liver subsamples from the same individuals in the previous oral dosing 

experiment, this study measured the hepatic mRNA expression of eight target genes related to fat 

deposition and oil exposure. 
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3.1 Abstract 

In a previous study, oral dosing with a polycyclic aromatic hydrocarbon mixture reduced 

Sanderling (Calidris alba) pre-migratory mass gains and interfered with lipid homeostasis. We 

measured the expression of eight target genes related to fattening and PAH exposure in liver 

subsamples from these same birds. Cytochrome P450 1A4 (Cyp1a4) expression was upregulated, 

which confirmed aryl hydrocarbon receptor activation. We also found that liver basic fatty acid 

binding protein 1 (Lbfabp) and hepatic lipase (Lipc) expression were reduced in orally dosed 

Sanderling. This reveals possible molecular-level pathways for the observed impairment of pre-

migratory refuelling and lipid homeostasis.   
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3.2 Introduction 

Long-distance migrant shorebirds make non-stop flights of thousands of kilometers as 

they travel between their wintering and breeding grounds (Piersma, 1987). Completing these 

long-distance flights requires that shorebirds stop along the way to rest and replenish fuel stores 

as fat (Jenni and Jenni-Eiermann, 1998). However, shorebird refuelling ability appears to be 

impaired at certain key staging sites, with consequences for survival and reproductive 

performance (Baker et al., 2004). Impaired pre-migratory fuelling is therefore identified as an 

important factor in the ongoing global declines of shorebird populations (Zockler et al., 2003).   

Shorebirds stage on migration at intertidal shoreline habitats, which are susceptible to 

contamination from oil spills (Henkel et al., 2012). The primary constituents of toxicity in oil are 

polycyclic aromatic hydrocarbons (PAHs; Leighton, 1993). PAHs can persist in subsurface 

sediments for decades following an oil spill (Short et al., 2007) and can accumulate in intertidal 

invertebrates (Willie et al., 2017). Shorebirds forage on intertidal invertebrates by probing in 

subsurface sediments (Grond et al., 2015) and commonly ingest sediments while foraging 

(Mathot et al., 2010). Therefore, shorebirds are vulnerable to chronic dietary PAH exposure at 

contaminated staging sites. Many shorebird species also exhibit strong staging site fidelity, 

which puts them at risk of reoccurring PAH exposures as they return to contaminated sites every 

year (Henkel et al., 2012).  

 Recent work in our lab (Bianchini and Morrissey, 2018) provides evidence that PAH 

ingestion impairs shorebird pre-migratory fuelling. In this study, we orally dosed Sanderling 

(Calidris alba), a long-distance migrant shorebird species, with environmentally-relevant PAH 

concentrations over a 21-day pre-migratory fuelling period to simulate dietary PAH exposures 

during staging. We found that pre-migratory mass gains were reduced in all treatment groups 

relative to controls. We also saw a dose-dependent increase in ethoxyresorufin-O-deethylase 

(EROD) activity, which confirmed aryl hydrocarbon receptor (AhR) activation in these birds. 

Higher individual EROD activity was correlated with lower serum bile acid concentrations and 

elevated serum creatine kinase concentrations in both sexes. EROD activity was also correlated 

with elevated serum lipase concentrations in female birds, however, this was not thought to have 

meaningfully affected Sanderling pre-migratory fuelling physiology (see Bianchini and 

Morrissey, 2018). These results suggested that the ingestion of a PAH-contaminated food source 

during staging can reduce overall fat deposition in pre-migratory shorebirds, and serum analyte 
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results suggested that PAH exposure interfered with mechanisms for lipid absorption and 

metabolism and caused muscle damage.    

Here, our objective was to explore the molecular mechanisms underlying the serum and 

whole-body effects observed in our previous study. Using liver subsamples from the same 

individuals in our previous dosing experiment, we successfully optimized nine primer pairs 

(eight target genes and one housekeeping gene) for use in Sanderling, a wild bird species. We 

measured the hepatic mRNA expression of eight target genes related to fat deposition and oil 

exposure. To date, most molecular toxicology work in birds has acutely dosed pooled embryonic 

hepatocyte cultures from domestic/model avian species or wild avian embryos (e.g., Crump et 

al., 2017, 2016; Porter et al., 2014). Although this work is vital for determining a baseline 

response, there is a need to phenotypically anchor in vitro findings with whole-animal studies 

(Buesen et al., 2017). It is also important to assess toxicological outcomes in ecologically 

relevant wild species and in older birds, which can show different responses to PAH exposure 

than earlier life stages (Albers, 2006). This study is unique in assessing the molecular response 

of individual wild adult birds to chronic, sublethal PAH exposure in a system where molecular-

level responses can be compared to known whole organism-level results. We discuss how 

observed changes in mRNA expression are related to effects previously observed at the whole 

organism-level. We also discuss the potential avian physiological refuelling mechanisms affected 

by PAH exposure.   

3.3 Materials and methods 

3.3.1 Sanderling capture, husbandry, and dosing 

 All field work and experimental procedures were approved by the University of 

Saskatchewan Animal Research Ethics Board, followed the Canadian Council on Animal Care 

guidelines for humane animal use, and adhered to the University of Saskatchewan Policy on 

Care and Use of Animals in Research (Animal Use Protocol #20120021). Birds were captured 

under Scientific Banding Permit #10268L.  

Please see Bianchini and Morrissey (2018) for a detailed description of the methods used 

to trap, hold, and dose Sanderling. Briefly, between 21 May to 2 June, 2016, we used mist nets 

and noose carpets to trap 50 northward-migrating Sanderling from Chaplin Lake, Saskatchewan, 

Canada (50°26′28.36′′, -106°40′9.37′′). Sanderling were maintained in groups of 8 to 12 birds in 

outdoor aviaries at the Facility for Applied Avian Research (FAAR) at the University of 
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Saskatchewan. After transfer to captivity, one individual died of unknown causes, and the 49 

remaining birds were used for the dosing study and tissue collections.  

Dosing experiments began when birds showed signs of autumn pre-migratory fuelling. 

Individual birds began fuelling at different times (between 11 and 31 July). We therefore sorted 

birds into one of six cohorts for dosing, based when the onset of pre-migratory fuelling occurred. 

Individuals within each cohort were randomly assigned to one of four treatment groups: a 

control, low, medium, and high dose group that were dosed daily with 0, 12.6, 126, and 1260 µg 

total PAH (tPAH)/kg body weight/day, respectively, for 21 days. These dosages represent 

environmentally relevant dietary PAH exposure concentrations for Sanderling (see Bianchini and 

Morrissey, 2018), and the dosing period mimics the typical staging duration of Sanderling 

(Robinson et al., 2003). Daily dosages were administered by injecting a mealworm with the 

appropriate dose solution volume (3 – 8 µl; adjusted daily according to each individual’s body 

mass) to mimic dietary exposure through ingestion of a contaminated food source. Twenty-four 

hours after the final dosing day, Sanderling were humanely euthanized by CO2 asphyxiation. 

Liver samples were collected and immediately flash-frozen on dry ice. Samples were held at -

80ºC until analysis.  

Dose solutions were produced by diluting a commercial PAH mixture (QTM PAH Mix, 

Sigma-Aldrich; composition: 2,000 μg/ml each of acenaphthene, acenaphthylene, anthracene, 

benz[a]anthracene, benzo[b]fluoranthene, benzo[ghi]perylene, benzo[a]pyrene, 2-

bromonaphthalene, chrysene, dibenz[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-

cd]pyrene, naphthalene, phenanthrene, and pyrene in dichloromethane; tPAH concentration was 

32,000 µg/ml) in food-grade organic sunflower oil (Compliments brand, Sobeys, Canada). All 

dose solutions contained equal ratios of sunflower oil and dichloromethane to ensure that only 

the tPAH concentration varied amongst the dosing solutions. The control, low, medium, and high 

dose solutions had target concentrations of 0, 164.57, 1,645.71, and 16,457.14 µg/ml tPAH, 

respectively. 

3.3.2 RNA extraction and cDNA synthesis 

 Total RNA was extracted from approximately 30 mg liver tissue using the RNeasy Mini 

Kit (Qiagen) according to the manufacturer’s protocol. RNA purity and concentration were 

assessed by measuring the A260/A280 absorbance ratio using a NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific). Only samples with an A260/A280 ratio between 1.8 and 
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2.2 were used for cDNA synthesis (n = 9 for the control, low, and medium dose group, and n = 

10 for the high dose group). Purified RNA was stored at -80ºC until analysis. Total RNA (1 µg) 

was reverse transcribed to cDNA using the QuantiTect Reverse Transcription Kit (Qiagen) 

according to the manufacturer’s protocols. cDNA samples were stored at -80ºC until analysis. 

3.3.3 Quantitative real-time PCR  

 Real-time PCR was performed in 96-well plates using the QuantStudio 6 Flex Real-Time 

PCR System (Applied Biosystems). Initially, we tested primer sequences for 12 genes of interest, 

which were obtained from the double-crested cormorant (DCCO) ToxChip PCR array designed 

by Crump et al. (2016). The primers selected for analysis are involved in lipid and cholesterol 

homeostasis, two pathways that would directly affect pre-migratory fuelling and that were 

previously impacted in orally-dosed Sanderling (Bianchini and Morrissey, 2018). We also 

selected primers that are indicative of oxidative stress or AhR activation, which are typical 

biomarkers of PAH exposure (Bursian et al., 2017a; Willie et al., 2017). We also tested two 

housekeeping genes. DCCO primer sequences for apolipoprotein B (ApoB), acyl-CoA synthetase 

long-chain family member 5 (Acsl5), and eukaryotic translation elongation factor 1 alpha 1 

(Eefa1a1) failed to sufficiently amplify in Sanderling tissues. Nine primers (eight target genes 

and one housekeeping gene) successfully amplified and were used in subsequent experiments 

(Table 3.1).
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Table 3.1. Description of the nine amplified gene targets and their associated pathwaysa 

Pathways 

Gene 

symbol Description 

Accession 

number 

Phase I 

metabolism 

CYP1A4 cytochrome P450 1A4  

Lipid 

homeostasis 

LBFABP liver basic fatty acid binding protein 1  

 LIPC hepatic lipase  

Cholesterol 

homeostasis 

CYP7B1 cytochrome P450 7B1 KT886919 

 HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A 

reductase 

KT886908 

 SLCO1A2 solute carrier organic anion transporter 

family, member 1A2 

 

Oxidative 

stress 

GPX3 glutathione peroxidase 3  

 GSTM3 glutathione S-transferase  

Control RPL4 ribosomal protein L4 KT886917 
a Table adapted from Crump et al. (2016). 
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Primer sets were optimized using standard curves and primer optimization matrices. A 

standard curve in 2X cDNA dilution series (ranging from 0.125 to 20 ng of cDNA, assuming 

100% reverse transcription efficiency) was used to determine the amplification efficiency of each 

primer. Assay conditions that yielded a R2 > 0.95 and an amplification efficiency between 90 and 

110% were considered acceptable. Primer optimisation matrices were run with 300, 450, and 650 

nM forward (F) and reverse (R) primer combinations. Primer combinations that yielded the 

greatest amplification (i.e., the lowest threshold cycle (Ct) value) were used in subsequent 

analyses. In our Sanderling tissues, optimal F:R primer concentrations were: 600 nM:600 nM for 

Lipc, Gstm3, and Lbfabp; 300 nM:300 nM for Cyp7b1, Gpx3, and Hmgcr; and 650 nM:650 nM 

for Cyp1a4, Rpl4, and Slco1a2. Primer specificity was verified by a single melt curve peak and a 

single band on an agarose gel. 

Optimized real-time PCR reactions contained 10 µl PowerUp SYBR Green Master Mix 

(Applied Biosystems), 5 µl diluted cDNA (at 12.5 ng/well), 300 – 650 nM of the gene-specific 

forward and reverse primer (Life Technologies Inc.), and nuclease-free water, for a final reaction 

volume of 20 µl/well. The PCR reaction mixture was denatured at 95ºC for 10 min, followed by 

40 cycles of denaturing at 95ºC or 15 s and extension at 60ºC for 1 min. All reactions were run in 

triplicate.  

3.3.4 PCR quality control 

We tested for genomic DNA contamination by including a no-reverse transcriptase 

control with every cDNA synthesis preparation, which was run in a PCR reaction containing 

primers for the Rpl4 reference gene. Reagent contamination was controlled for by including a no 

template control (NTC) well on every PCR plate. This reaction mixture included 5 µl of 

nuclease-free water instead of the cDNA template and contained primers for the Rpl4 reference 

gene.  

3.3.5 Data analysis 

 The relative expression of each gene target was calculated using the comparative Ct 

method, where the gene expression of each sample was normalized to Rpl4 and to control 

samples according to the methods described by Livak and Schmittgen (Livak and Schmittgen, 

2001) and Schmittgen and Livak (Schmittgen and Livak, 2008). The effect of PAH treatment 

concentration on relative gene expression was analyzed using linear mixed effects models. 
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Treatment group was included as a fixed effect, and we controlled for possible differences 

among cohorts and for diurnal variations in mRNA expression by including random intercepts 

for cohort and sampling time. A preliminary screen of the data revealed no differences among 

sexes. Therefore, sexes were grouped for the full analysis. To meet the assumptions of normality 

and heteroscedasticity, the expression levels of Cyp1a4, Gpx3, Hmgcr, Lbfabp, Lipc, and 

Slco1a2 were log transformed, and Cyp7b1 and Gstm3 were square root transformed. Model 

selection was determined by lowest AICc (Akaike’s information criterion corrected for small 

sample size) scores, model weights, and deviance scores according to Burnham and Anderson 

(2002). When global and intercept only (null) models were equivalent (ΔAICc < 2), the weighted 

model-averaged estimate for treatment group was calculated using model.avg in the MuMIn 

package (Barton, 2017). All modelling was performed in R version 3.4.2 (R Core Team, 2017) 

using the lme4 package (Bates et al., 2015), and results were plotted using package ggplot2 

(Wickham, 2009) and cowplot (Wilke, 2017). 

3.4 Results 

 We found that Cyp1a4, Lbfabp, and Lipc were affected by PAH treatment (see Table A.6 

for model results). Cyp1a4 mRNA expression was 18-fold greater in the high dose group relative 

to controls (β = 1.59 ± 0.67, p = 0.02; Figure 3.1). The mRNA expression of both lipid 

homeostasis pathway genes, Lbfabp and Lipc, was 0.4- and 0.2-fold less, respectively, in the high 

dose group relative to controls (Lbfabp: β = -1.78 ± 0.66, p = 0.01, Figure 3.2A; Lipc: β = -1.68 ± 

0.51, p = 0.002, Figure 3.2B). Changes in mRNA expression for genes in the cholesterol 

homeostasis pathway (Hmgcr, Slco1a2, and Cyp7b1; Figure 3.3) and oxidative stress pathway 

(Gstm3 and Gpx3; Figure 3.4) were not explained by treatment. Both Hmgcr (Figure 3.3A) and 

Slco1a2 (Figure 3.3B) tended to decrease with increasing PAH dosages, while Cyp7b1 mRNA 

expression showed no discernible change in with treatment (Figure 3.3C). Gstm3 (Figure 3.4A) 

expression tended to decrease while Gpx3 (Figure 3.4B) tended to increase at increasing PAH 

dosages. However, these changes were not statistically significant (the intercept only (null) 

model was the best-approximating model for these responses). Expression of the internal control 

gene, Rpl4, was not altered by PAH treatment. Neither the genomic DNA contamination control 

nor the NTC showed amplification.
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Table 3.2. Summary of parameter (β) estimates and significance (p < 0.05) for the terms retained 

in the best-approximating models to explain variation in Sanderling hepatic mRNA expression 

among PAH treatment groups.a 

 

 

 

 

 

 

 

 

 
a Model selection was based on lowest AICc values (Akaike’s information criterion corrected for 

small sample sizes). Global models included the fixed effect of treatment group and random 

intercepts for cohort and sampling time.  
b Boldface type indicates a statistically significant difference (p < 0.05) in mRNA expression 

from the control. 

Cyp1a4 = cytochrome P450 1A4; Lbfabp = liver basic fatty acid binding protein 1; Lipc = 

hepatic lipase. 

Samples sizes: 0, 12.6, and 126 n = 9; 1260 n = 10.  

  

Response1 Parameter β estimate ± SE pb 

Cyp1a4 treatment 12.6 

treatment 126 

treatment 1260 

0.654 ± 0.669 

(-6.96 ± 66.88) x 10-2 

1.59 ± 0.67 

0.3 

0.9 

0.02 

Lbfabp treatment 12.6 

treatment 126 

treatment 1260 

(8.21 ± 66.44) x 10-2 

-0.379 ± 0.664 

-1.78 ± 0.66 

0.9 

0.6 

0.01 

Lipc treatment 12.6 

treatment 126 

treatment 1260 

(9.57 ± 50.18) x 10-2 

-0.435 ± 0.507 

-1.68 ± 0.51 

0.9 

0.4 

0.002 
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Figure 3.1. Cytochrome P450 1A4 (CYP1A4) hepatic mRNA expression in Sanderling orally 

exposed to increasing dosages of a commercial PAH mixture during a 21-day period of pre-

migratory fuelling. Data are given as relative fold change in mRNA expression (mean ± standard 

error) relative to the control group. Asterisk indicates a significant difference from controls.  
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Figure 3.2. Hepatic mRNA expression of lipid homeostasis pathway genes, liver basic fatty acid 

binding protein 1 (LBFABP; A) and hepatic lipase (LIPC; B), in Sanderling orally exposed to 

increasing dosages of a commercial PAH mixture during a 21-day period of pre-migratory 

fuelling. Data are given as relative fold change in mRNA expression (mean ± standard error) 

relative to the control group. Asterisks indicate a significant difference from controls. 
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Figure 3.3. Hepatic mRNA expression of 

cholesterol homeostasis pathway genes, 3-

hydroxy-3-methylglutaryl-coenzyme A 

reductase (HMGCR; A), solute carrier 

organic anion transporter family, member 

1A2 (SLCO1A2; B), and cytochrome P450 

7B1 (CYP7B1; C), in Sanderling orally 

exposed to increasing dosages of a 

commercial PAH mixture during a 21-day 

period of pre-migratory fuelling. Data are 

given as relative fold change in mRNA 

expression (mean ± standard error) relative to 

the control group.  
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Figure 3.4. Hepatic mRNA expression of oxidative stress pathway genes, glutathione S-

transferase (GSTM3) and glutathione peroxidase 3 (GPX3), in Sanderling orally exposed to 

increasing dosages of a commercial PAH mixture during a 21-day period of pre-migratory 

fuelling. Data are given as relative fold change in mRNA expression (mean ± standard error) 

relative to the control group.  
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3.5 Discussion 

This study is unique in measuring gene expression changes in a wild shorebird species 

following sublethal oral PAH exposure during its pre-migratory fuelling period. Changes in the 

expression of eight target genes related to fat deposition and PAH exposure were measured in 

orally dosed Sanderling at the end of a 21-day dosing experiment when birds should have 

maximized fat deposition. Of the 12 DCCO primer sequences tested, nine successfully optimized 

in Sanderling tissues, suggesting a high degree of sequence overlap in these species. Throughout 

the discussion, changes in mRNA expression were considered physiologically relevant if they 

were statistically significant (α < 0.05) and if transcript abundance was at least 0.5-fold less or 2-

fold greater than controls. We saw that the expression of genes indicative of AhR activation and 

lipid homeostasis were significantly altered by PAH exposure. Because our Sanderling were 

wild-caught, they have different ages, dietary histories, and previous xenobiotic exposures, and 

are expected to be genetically polymorphic. Our birds likely show more variability in than the 

uniform captive populations typically used in gene expression studies. The treatment 

concentrations and conditions used in this experiment simulated environmentally-relevant PAH 

exposure levels and scenarios for staging shorebirds following an oil spill (Bianchini and 

Morrissey, 2018). Therefore, our results are likely representative of the effects of sublethal PAH 

ingestion in wild shorebird populations.  

3.5.1 AhR activation 

 Bioactivation of PAHs to more toxic metabolites is primarily mediated by the xenobiotic-

metabolizing monooxygenases, cytochrome P450 (CYP) 1A and 1B, following AhR activation 

(Schimada and Fujii-Kuiyama, 2004). PAHs are known bind to and activate the AhR, which 

promotes Cyp1a transcription. CYP1A activity is frequently measured as EROD activity, and 

EROD induction is a common biomarker for PAH exposure in birds (Head et al., 2015). On 

average, we observed 18-fold greater Cyp1a4 mRNA expression in the high dose group relative 

to controls, and Cyp1a4 was the most responsive transcript tested. This agrees with our previous 

study, where we saw significantly elevated EROD activity in the high dose group relative to 

controls (Bianchini and Morrissey, 2018). Therefore, the highest level of PAH exposure 

upregulated Cyp1a4 expression and there was an associated increase in CYP1A activity. This 

further confirms AhR activation and PAH exposure in our captively-dosed Sanderling. 
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3.5.2 Lipid homeostasis 

 For the two genes involved in lipid homeostasis, Lbfabp and Lipc, mRNA expression was 

0.4- and 0.2-fold lower, respectively, in the high dose group relative to controls. Similarly, 

Crump et al. (2017) observed reduced Lbfabp expression on the Chicken and DCCO ToxChip 

PCR Arrays following exposure of embryonic hepatocytes to petroleum coke, a major source of 

PAHs, and previous work in salmonid species also observed reduced lipase activity following 

PAH exposure (de Gelder et al., 2017; Meador et al., 2006). Microarray experiments in mice 

suggest that the observed reduction in Lipc and Lbfabp may be due to AhR agonism (Nault et al., 

2017). In the liver, fatty acid binding proteins (FABP) are intracellular lipid chaperones and 

contribute to lipid homeostasis by enhancing fatty acid uptake, transport, storage, and 

metabolism (Atshaves et al., 2010). Hepatic lipase (LIPC) is a lipolytic enzyme that facilitates 

plasma lipid metabolism by hydrolyzing triglycerides (TG) and phospholipids in circulating 

lipoproteins. LIPC also contributes to lipid uptake in a variety of cell types by enhancing the 

interaction of lipoproteins with cell surface receptors (Santamarina-Fojo et al., 2004). Therefore, 

reduced expression of these two genes suggests that lipid metabolism and uptake were impaired 

in dosed Sanderling.  

Given that Sanderling are long-distance migrants, this effect may be particularly 

detrimental to this species’ survival and fitness. Maximizing migration speeds requires that birds 

rapidly deposit fat in adipose tissues prior to flight (Smith and Moore, 2005) and rapidly 

transport fats from adipose tissues to muscles during flight (Guglielmo, 2010). Long-distance 

migratory birds support the efficient movement of fatty acids during migration by increasing the 

expression and activity of the proteins involved in fat storage and transportation, including 

adipose tissue lipoprotein lipase, an enzyme that regulates adipose tissue fatty acid uptake 

(Ramenofsky et al., 1999), and fatty acid transport proteins on the membranes of muscles (fatty 

acid translocase (FAT/CD36) and plasma-membrane FABP) and in the cytosol of the heart 

(heart-type FABP) (Guglielmo, 2010). Whether the expression and activity of hepatic lipase and 

FABP similarly increases during migration is unknown. Nevertheless, these results suggest that 

PAH exposure may have impaired fatty acid uptake, transport, and metabolism during the 

migratory phase when rapid and efficient lipid transport is vitally important. 
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3.5.3 Cholesterol homeostasis 

In our previous whole organism-level study, bile acid concentrations were significantly 

reduced by PAH exposure (Bianchini and Morrissey, 2018). Bile acids are the end products of 

cholesterol metabolism and play a key role in lipid absorption and in the regulation of hepatic 

lipid and metabolic homeostasis (Schonewille, 2016). We tested three genes in the cholesterol 

homeostasis pathway: Hmgcr, the rate-limiting enzyme in cholesterol biosynthesis; Cyp7b1, an 

enzyme involved in the conversion of cholesterol to bile acids; and Slco1a2, a transporter that 

contributes to the reuptake of bile acids from enterohepatic circulation into the liver 

(Schonewille, 2016). None of these genes showed statistically significant changes in mRNA 

expression following PAH exposure. Conversely, experiments in rodents typically report a 

coordinated repression of the genes responsible for cholesterol homeostasis following AhR 

agonism (Fader et al., 2017; Fletcher et al., 2005). Similarly, Chicken and DCCO embryonic 

hepatocytes show reduced Slco1a2 and Cyp7b1 mRNA expression following PAH exposure, 

however no change in Hmgcr expression was observed (Crump et al., 2017). 

The observed downward trend in Hmgcr expression suggests that reduced serum bile acid 

levels were related to declines in cholesterol production. However, in the whole organism, we 

saw no significant change in serum cholesterol concentrations (Bianchini and Morrissey, 2018). 

As well, the downward trend in Slco1a2 expression is expected to be associated with higher 

serum bile acid concentrations due to reduced hepatic bile acid reuptake (Haeusler et al., 2016). 

Many other enzymes regulate cholesterol and bile acid homeostasis, and our results suggests that 

other unexplored molecular pathways may have reduced serum bile acid concentrations.  

3.5.4 Oxidative stress 

PAH metabolism involves a complex series of enzymatic reactions that produce DNA-

reactive metabolites and reactive oxygen species. Glutathione S-transferases (GSTs) and 

glutathione peroxidase (GPx) detoxify these reactive metabolites and protect against PAH-

induced toxicity and oxidative damage (Benedetti et al., 2015). These enzymes are used as 

biomarkers of antioxidant capacity, and their expression typically increases in response to 

oxidative stress (Espin et al., 2017; Jenni-Eiermann et al., 2014). However, avian gene 

expression experiments have also observed both a downregulation and no change in Gstm3 and 

Gpx3 expression following PAH exposure (Crump et al., 2017). Here, we saw no statistically 

significant changes in the expression of Gstm3 or Gpx3, but Gstm3 tended to decrease and Gpx3 
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tended to increase in PAH-treated birds relative to controls. This was consistent at the whole 

organism-level, where serum gamma glutamyl transferase (GGT) and aspartate amino 

transferase (AST) were not significantly affected by PAH exposure. Similarly, we saw no 

significant change in liver lipid content or in the hepatosomatic index of PAH-treated birds 

relative to controls (Bianchini and Morrissey, 2018). 

3.6 Conclusions 

 In our previous study, we found that environmentally-relevant PAH concentrations and 

exposure scenarios impaired Sanderling pre-migratory fuelling. Increases in Cyp1a4 expression 

further confirmed AhR activation in dosed birds. Lbfabp and Lipc downregulation suggested that 

PAH exposure may have lowered pre-migratory mass gains by altering fatty acid uptake, 

transport, and metabolism at the molecular level which translated to whole organism effects. It is 

important to note that in mammals, reduced hepatic FABP and lipase activity are associated with 

mass gains, diabetes, and obesity. Loss of liver FABP function in mammals decreases hepatic 

fatty acid uptake and oxidation, which increases the availability of fatty acids for oxidation in 

muscle and/or storage in adipose tissues (Atshaves et al., 2010), and LIPC deficiencies in 

mammals are associated with hypertriglyceridemia and hypercholesterolemia (Santamarina-Fojo 

et al., 2004). However, in migrating bird species, individuals undergo rapid body mass gains in 

response to seasonal cues, and lipid metabolism differs markedly from mammals (Li, 2017).  

The extreme endurance exercise of long-distance migration depends on several tightly 

controlled physiological processes, and even subtle alterations can have serious downstream 

effects. It is therefore important to identify the sub-organismal-level changes underlying effects 

observed at the individual level. Our study offers new insights into the pathways by which 

chronic dietary PAH exposure can impair avian pre-migratory fuelling in a wild bird in addition 

to providing important fundamental insight into the molecular changes underpinning lipid and 

cholesterol homeostasis.
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4 CHAPTER 4: ASSESSMENT OF SHOREBIRD MIGRATORY FUELLING 

PHYSIOLOGY AND DEPARTURE TIMING IN RELATION TO POLYCYCLIC 

AROMATIC HYDROCARBON CONTAMINATION IN THE GULF OF MEXICO
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PREFACE 

 

Captive dosing experiments confirmed that sublethal dietary PAH exposure lowered 

Sanderling pre-migratory mass gains (Chapter 2) and revealed how PAH ingestion can impair 

pre-migratory fuelling physiology (Chapter 2 and 3). Chapter 4 expanded on these captive results 

by investigating the relationship between PAH contamination and staging quality for fuelling 

shorebirds. PAH exposure from foraging was estimated at six key coastal staging sites in the 

Gulf of Mexico by measuring sediment total PAH concentrations, and the quality of these sites 

for pre-migratory shorebirds was evaluated by measuring metrics of pre-migratory fuelling 

efficiency in two shorebird species, Sanderling (Calidris alba) and Red knots (C. canutus). Field 

measurements were necessary to confirm that the captive results were representative of the 

effects observed in wild shorebirds fuelling at PAH-contaminated sites. As well, demonstrating 

the relationship between PAH exposure and slower refuelling was necessary to support 

subsequent investigations into the linkages between PAH ingestion, impaired fuelling, and 

slower migration timing. 

The content of Chapter 4 was reprinted (adapted) from Environmental Science & 

Technology, (10.1021/acs.est.8b04571), K. Bianchini, C. Morrissey, “Assessment of shorebird 

migratory fuelling physiology and departure timing in relation to polycyclic aromatic 

hydrocarbon contamination in the Gulf of Mexico” 52, 13562-13573. Copyright (2018), with 

permission from ACS Publications.  

Author contributions: 

Kristin Bianchini (University of Saskatchewan) conceived, designed, and managed the study, 

generated and analyzed the data, prepared all figures, and drafted the manuscript.   

Christy A. Morrissey (University of Saskatchewan) provided inspiration, scientific input, and 

guidance, commented on and edited the manuscript, and provided funding for the research. 
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4.1 Abstract 

Over one million shorebirds depend on staging sites in the Gulf of Mexico that are 

frequently subject to pollution by oil and its toxic constituents, polycyclic aromatic hydrocarbons 

(PAHs). It was hypothesized that PAH contamination lowers staging site quality for migratory 

shorebirds, with consequences for fuelling and departure timing. Sediment total PAH 

concentrations were measured at six staging sites along the Texas and Louisiana Gulf Coast. 

Sites in Louisiana were expected to have higher total PAH concentrations, as they were more 

heavily impacted by the Deepwater Horizon oil spill. From 2015 to 2017, 170 Sanderling 

(Calidris alba) and 55 Red knots (C. canutus) were captured at these same sites during their 

northward migration (late April to mid May). Mass, fat scores and plasma metabolite 

measurements were taken to determine fuel loads and fuelling rates, and a subset of birds (120 

Sanderling and 39 Red knots) received a coded radio tag to determine departure dates using the 

Motus telemetry array. Compared to Texas sites, sediment in Louisiana had higher total PAH 

concentrations, dominated by 6 ring indeno[1,2,3-cd]pyrene (48%). Plasma metabolite profiles 

suggested that fuelling rates for Sanderling, but not Red knots, tended to be lower in Louisiana, 

and both species departed later than the study average from Louisiana. However, multiple factors 

including migration patterns, food supply, disturbance and other contaminants likely influenced 

individual and species-specific differences in fuelling and departures across sites and years.  

PAH contamination in the Gulf of Mexico remains an ongoing issue that may be impacting the 

staging site quality and migration timing of long-distance migratory birds.   
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4.2 Introduction 

Long-distance migratory birds are currently experiencing worldwide population declines 

(Sanderson et al., 2006). Birds can experience higher mortality on migration than during 

breeding and wintering (Sillett and Holmes, 2002), and it is possible for events on migration to 

carry-over and limit population levels by lowering reproductive success (Baker et al., 2004). 

Whether birds survive migration and successfully reproduce typically depends on a series of 

staging sites, where birds rest and accumulate necessary fuel for subsequent migration flights 

(Warnock, 2010). Therefore, long-distance migrants are sensitive to changes that limit staging 

site resource availability (Baker et al., 2004), and characterizing the quality of key staging areas 

is crucial for avian conservation (Faaborg et al., 2010). 

Oil pollution is a serious threat to staging site quality for numerous bird species. The Gulf 

of Mexico contains some of the Western Hemisphere’s most important coastline habitat for 

migratory birds (Burger, 2017). Over one million shorebirds winter and migrate along the Gulf 

coast (Withers, 2002), billions of Neotropical-Nearctic migrants stage there every year (Cohen et 

al., 2017), and the area is considered the most important migratory pathway in the world for 

waterfowl (Gallardo et al., 2004). Yet, ecosystems in the Gulf of Mexico are subject to frequent 

and repeated oil pollution (Henkel et al., 2012). Shorelines in the northern Gulf of Mexico (in 

Louisiana, Mississippi, Alabama, and Florida) were heavily impacted by the Deepwater Horizon 

oil spill (Beyer et al., 2016). As well, extensive oil extraction and transportation activities 

throughout this region cause both chronic and episodic oil exposure to migratory birds that 

seasonally use the area (Burger, 2017; DeLaune et al., 1990). Oil and polycyclic aromatic 

hydrocarbons (PAHs), the primary contaminant of concern in oil spills (Leighton, 1993), are 

detectible in subsurface sediments decades after an oil spill (Esler et al., 2010), and PAHs can 

readily bioaccumulate in avian invertebrate prey sources and incorporate into the avian food 

chain (Bonisoli-Alquati et al., 2016; Paruk et al., 2016; Willie et al., 2017). Therefore, oil 

contaminant impacts on coastal ecosystems can persist for decades following release.   

The acutely lethal effects of oil exposure (e.g., hypothermia, emaciation) in birds are well 

known (Balseiro et al., 2005), and mass avian mortalities following large scale, catastrophic oil 

spills are well documented (Balseiro et al., 2005; Burger, 1993). However, it has been suggested 

that chronic and sublethal oil and PAH exposure may be more important to avian populations 

than acute mortalities (Bursian et al., 2017a). There is a growing body of work showing how 
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sublethal oil exposure can lower migratory bird vitality. PAH exposures have the potential to 

lower overall migration speeds due to external oiling of the feathers leading to reduced post-

flight mass gains (Perez et al., 2017b, 2017a) and impaired flight performance, including slower 

take off speeds (Maggini et al., 2017b) and the selection of less efficient flight paths (Perez et al., 

2017b). PAH exposure significantly reduces swimming speeds in fish, likely due to the 

cardiotoxic effects of this chemical class (Alderman et al., 2017b; Stieglitz et al., 2016). PAHs 

thus have the potential to lower the speed of flapping flight in migratory birds. Sublethal PAH 

and oil ingestion can also impair immune function and thermoregulation, increase metabolic 

rates, cause hemolytic anemia, impair nutrient absorption, and lower body mass (Bursian et al., 

2017a; Paruk et al., 2016). Recent work on captively dosed Sanderling in our lab showed that 

PAH ingestion during staging lowered fuelling rates and overall pre-migratory mass gains near 

the end of a 21-day exposure period. We also found that PAHs affected Sanderling lipid 

homeostasis and caused muscle damage (Bianchini and Morrissey, 2018). PAHs also have 

endocrine disrupting effects (Lee et al., 2017) and cause liver and other organ toxicity, which is 

likely modulated through activation of the aryl hydrocarbon receptor (Soshilov and Denison, 

2014). 

Measures of avian pre-migratory fuelling can provide useful metrics for evaluating the 

quality of staging sites in the Gulf of Mexico with varying levels of oil pollution. Overall 

migration speeds are primarily determined by resting and refuelling time between flights 

(Schmaljohann et al., 2017). Therefore, birds minimize the time spent on migration by storing 

the maximum amount of fuel in the shortest possible time (Alerstam and Lindström, 1990). As a 

result, fuel deposition rates depend on the quality of refuelling habitats, and variations in staging 

site fuelling rates can correlate to local differences in food quality and availability (Aharon-

Rotman et al., 2016; Schaub and Jenni, 2001). Given that fuel deposition rates directly influence 

departure fuel loads, stopover durations, and departure dates, these indices can provide a measure 

of staging site quality (Seaman, 2004). In addition to fat stores, other biotic and abiotic factors, 

such as weather, age and sex, can also influence departure decisions (Covino et al., 2014; Jarjour 

et al., 2017). 

Here, we aimed to assess potential sublethal PAH exposure at key migratory staging sites 

and evaluated differences in staging site quality by measuring pre-migratory fuelling metrics in 

two shorebird species, Sanderling (Calidris alba) and Red knots (C. canutus). Both are long-
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distance, arctic breeding shorebird species, that stage and/or over-winter in the Gulf of Mexico 

(Withers, 2002). Peak numbers of both species occur along Texas and Louisiana shorelines in 

late April and May (Baker et al., 2013; Macwhirter et al., 2002; Withers, 2002). Spring migrants 

of both species and are ecologically important for studying contaminant related effects on 

migration. Red knots are listed as a threatened species, with the rufa subspecies (C. c. rufa) listed 

as endangered in Canada (BirdLife International, 2017). Both species forage by picking and 

probing for marine invertebrates and bivalves in subsurface sediments (Grond et al., 2015; 

Macwhirter et al., 2002), and incidental sediment ingestion is common in shorebirds (Mathot et 

al., 2010). Therefore, oral PAH exposure can occur during foraging when individuals ingest 

contaminated prey (Bonisoli-Alquati et al., 2016; Paruk et al., 2016; Willie et al., 2017) and/or 

sediments (Labarrere, 2016).  

In this study, we estimated potential PAH exposure by measuring total sediment PAH 

concentrations at six key shorebird staging sites in 2 coastal states in the Gulf of Mexico. Among 

our study sites, those in Louisiana were more heavily impacted by the Deepwater Horizon spill 

(Beyer et al., 2016), however, due to the extensive oil extraction and transportation activities in 

the Gulf of Mexico, smaller scale oil spills are common, and shorelines throughout the Gulf 

Coast are vulnerable to oil pollution from sources other than the Deepwater Horizon spill 

(Burger, 2017; DeLaune et al., 1990). We hypothesized that pooled sediment samples from 

Louisiana would have higher PAH concentrations relative to sites in the Texas Gulf. We 

hypothesized that oil pollution lowers staging site quality for migratory shorebirds. Although the 

energy for migration flight is primarily derived from lipids, body proteins are also catabolized 

during flight (Schaub and Jenni, 2001). Therefore, we evaluated the fuelling status of both 

species by testing the plasma concentrations of triglycerides (TG), β-hydroxybutyrate (BOHB), 

and uric acid (UA). Circulating TG and BOHB levels are indicative of fat deposition and 

metabolism, respectively, while UA is indicative of protein catabolism, which collectively 

represent the individual metabolic profile and fuelling status (Schaub and Jenni, 2001). We 

predicted that at staging sites with higher total sediment PAH concentrations, Sanderling and 

Red knots would exhibit (1) lower fuel loads at capture, (2) metabolite profiles indicative of 

reduced fuelling, and (3) later departure dates.  
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4.3 Materials and methods 

4.3.1 Study sites 

Sampling was conducted at six sites in the western Gulf of Mexico: North Padre Island 

(27º20′56.0′′N 97º19′49.3′′W), Mustang Island (27º40′00.3′′N 97º10′25.1′′W), and Bolivar Flats 

(29º24′05.6′′N 94º42′32.7′′W) in Texas, and Elmer’s Island Wildlife Refuge (29º10′49.4′′N 

90º03′58.1′′W), Grand Isle (29º13′11.2′′N 90º00′59.5′′W), and Port Fourchon (29º05′51.1′′N 

90º12′16.9′′W) in Louisiana (Figure 4.1). All sites have previously been identified as important 

refuelling habitats for Sanderling and Red knots, and these sites are known to host large 

congregations of both species during wintering and particularly during spring staging (Withers, 

2002). Among our six study sites, those in Louisiana were closest to the Deepwater Horizon 

blowout and were directly and heavily impacted by the Deepwater Horizon oil spill (Beyer et al., 

2016), and sites in Bolivar Flats also exhibited high sediment PAH concentrations immediately 

following the Deepwater spill (Sammarco et al., 2013).
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Figure 4.1. Sediment and bird sampling locations in the western Gulf of Mexico. Pie charts 

show the PAH composition of each staging area (shown as number of rings), with darker shades 

of grey indicating increasing structural complexity. The total sediment PAH (tPAH) 

concentration (in ng/g wet mass) of each staging area is indicated below the pie chart. Figure 

inset indicates the study area in the southeastern United States shown on the map. 
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4.3.2 PAH determination in sediment samples 

Sediment samples were collected from North Padre Island in 2013 – 2015 and from 

Mustang Island, Bolivar Flats, Elmer’s Island, and Grand Isle in 2016. No sediment samples 

were collected from Port Fourchon. All sampling was performed at locations where Sanderling 

were trapped or were observed foraging in large numbers. At each sampling location, surface 

cores (10 cm depth) were taken above, at, and below the waterline along three transects, 

approximately 100 m apart (total of 9 surface cores per sampling location). Within each study 

site, sediments from all sites were pooled and thoroughly mixed. Samples were frozen and kept 

dark during transportation to the University of Saskatchewan, where they were stored at -20ºC 

until analysis. 

 Sediment samples were processed using methods modified from Ohiozebau et al. (2017). 

Briefly, 20 g of wet sediment was mixed with anhydrous sodium sulfate to remove water. 

Samples were then extracted for 18 h with 250 ml of a 2:1 dichloromethane (DCM):hexane 

solution in a Soxhlet apparatus. Extracts were cleaned using a silica gel column. Glass columns 

were dry-packed with 6 g of activated silica gel and topped with 2 g of anhydrous sodium 

sulfate. Columns were conditioned with 30 ml of a 2:1 DCM:hexane solution, and extracts were 

loaded into the column just before the sodium sulfate layer was exposed to air. Cleaned extracts 

were concentrated to ~ 1 ml by rotary evaporation, followed by concentration to ~100 µl under a 

gentle stream of nitrogen.  

Concentrations of 16 parent PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, 

phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 

dibenz[ah]anthracene, and benzo[ghi]perylene) were analyzed by GC/MS using a Q Exactive™ 

Hybrid Quadrupole-Orbitrap™ Mass Spectrometer full scan mode. PAHs were identified and 

quantified using a method described previously (Ohiozebau et al., 2017). PAHs were measured 

using a Hewlett Packard (HP) 7683 series autosampler fitted with a 60 m, 0.25 mm i.d. DB-5 

silica capillary column. The injection temperature was 250ºC, and the detector temperature was 

280ºC. The temperature ramp was: 60ºC for 2 min, 20ºC/min to 160ºC, followed by 5ºC/min to 

268ºC and 2ºC/min to 300ºC, where it was held for 10 min for a total run time of 55.5 min. The 

HP 7683 series autosampler was operated in Selected Ion Mode (SIM). A 1 µl sample of 
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extractor or standard was injected in split/splitless mode. Mass spectra were acquired in electron 

impact (EI) mode at 70 eV. 

All analytical data were subject to strict quality control. Method blanks and spiked blanks 

were used to determine background contamination, which showed no detectable PAHs. 

Instruments were calibrated prior to analysis with calibration standards. All glassware was hand-

washed, rinsed with deionized water (Milli-Q system), and solvent-rinsed three times with HPLC 

grade hexane and DCM before use (Fisher Scientific, Canada). PAHs were quantified using an 

internal calibration method based on a five-point calibration curve of pure standards (100 ng/ml 

of acenaphthyene-d8, p-terphenyl-d14, benzo[e]pyrene-d12). Surrogate recoveries averaged 75%, 

and final values were recovery corrected. The method detection limits ranged from 0.3 to 5.0 

ng/g wet mass.  

4.3.3 Animal capture and handling 

Between 2015 and 2017, we captured 165 Sanderling from all study sites (North Padre 

Island: n = 89, Mustang Island: n = 2, Bolivar Flats: n = 31, Elmer’s Island: n = 10, Port 

Fourchon: n = 15, Grand Isle: n = 18). In 2015 and 2016, we captured 55 Red knots (North Padre 

Island: n = 29, Mustang Island: n = 2, Grand Isle: n = 24). Permitting restrictions did not allow 

us to trap Red knots in Bolivar Flats; therefore, no Red knots were trapped from this site. We 

trapped both species from late April to mid May. Birds were trapped throughout the day using 

cannon nets and noose carpets. Upon capture, we took mass and body measurements and 

attached a unique numbered metal band and a coded alpha numeric flag. In 2015 and 2016, all 

birds were blood sampled, and a random subset (samples from 80 Sanderling and 35 Red knots) 

were analyzed for plasma metabolite concentrations. Blood was collected by puncturing the 

brachial vein with a sterile 27-gauge needle and collecting blood (< 100 µl) in heparinized 

microhematocrit tubes. Blood was transferred to heparinized 1 ml centrifuge tubes and stored on 

ice in the field. Samples were centrifuged within 12 h of collection before freezing. Plasma 

samples were stored on dry ice for transportation to the University of Saskatchewan, where they 

were subsequently stored at -80ºC until analysis.  

We attached Lotek coded nanotags (NTQB-3-2 (Sanderling) and NTQB-4-2 (Red knots), 

Newmarket, ON, Canada) to a subset of 120 Sanderling (North Padre Island: n = 59, Bolivar 

Flats n = 31, Elmer’s Island: n = 8, Port Fourchon: n = 9, Grand Isle: n = 13) and 39 Red knots 

(North Padre Island: n = 19, Mustang Island: n = 2, Grand Isle: n = 18). Tags were attached from 
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April 17 – May 6, which was a minimum and maximum of 0 to 52 and 1 to 33 days prior to 

departure for Sanderling and Red knots, respectively (departure date ranges from radio-telemetry 

data were: Sanderling May 2 – June 8, Red knot May 7 – 20). Because both species can undergo 

extreme variations in body mass during migration (Robinson et al., 2003), tags were glued to the 

birds’ skin using a quick-setting marine epoxy (J-B Weld ClearWeld 5 Min Epoxy). Transmitters 

on Sanderling (NTQB-3-2) weighed 0.67 g, and transmitters on Red knots (NTQB-4-2) weighed 

1.0 g, which represented <1.5% and approximately 0.7% of the estimated lean body mass of 

Sanderling (Scott et al., 2004) and Red knots (Duijns et al., 2017), respectively. All tags were 

programmed at a single frequency (166.380 MHz) with pulse lengths of 2.5 ms and pulse 

intervals of approximately 6 s (2015 and 2016) and 8 s (2017) with estimated lifespans 82 

(Sanderling) and 180 days (Red knot). Only after second year (ASY) adult birds received 

transmitters, because second year (SY) juvenile birds can show alternative migration schedules 

(McKinnon et al., 2014). 

All animal handling and research protocols were approved by the University of 

Saskatchewan Animal Care Committee (AUP 20120021) and conducted under Canadian 

Wildlife Service Scientific Banding Permit 12SKS009. Trapping in Texas was performed under 

the Texas Parks & Wildlife Department Permit SPR-0911-341. Work in Bolivar Flats was 

approved by the Houston Audubon Society, and trapping on the Padre Island National Seashore 

was approved by the National Park Service under permits 2015-SCI-0006, 2015-SCI-0007, and 

2016-SCI-0005. Birds in Louisiana were trapped under the Louisiana Department of Wildlife 

and Fisheries Scientific Collecting Permit LNHP-16-059 and LNHP-17-011. 

4.3.4 Plasma metabolite determination 

Metabolite concentrations were determined using commercially available kits modified 

for small plasma volumes (3 – 20 µl). Samples from 2012 to 2014 were analyzed using kits from 

Sigma-Aldrich (Triglyceride Determination Kit TR0100; Beta-Hydroxybutyrate Assay Kit 

MAK041; Uric Acid Assay Kit MAK077), and samples from 2015 and 2016 were processed 

using kits from Cayman Chemical (Triglyceride Colorimetric Assay 10010303, β-

Hydroxybutyrate (Ketone Body) Colorimetric Assay Kit 700190, Uric Acid Assay Kit 700320). 

Replicate tests on a subset of samples revealed that the Sigma-Aldrich and Cayman Chemical 

kits produced equivalent results. For all metabolite assays, plasma was diluted threefold in a 

0.9% NaCl solution. Tests were performed using standard clear 96 well plates, and absorbance 
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was measured at 540, 450, and 570 nm for TG, BOHB, and uric acid determination, respectively, 

on a microplate spectrophotometer (Biotek ELX800).  

4.3.5 Telemetry data collection and processing 

We determined departure dates from our study sites using the Motus Wildlife Tracking 

System (http://motus.org/), an international array of automated radio-telemetry receiving stations 

maintained by a collaborative network of researchers (Taylor et al., 2017). Between 2015 and 

2017, 18 receiver stations were operational in our study area. Stations have a detection radius of 

about 15 km (Taylor et al., 2017). Signals of radio-tagged individuals were considered true 

detections if at least three consecutive tag bursts were detected on a single antenna at a single 

receiver (Crewe et al., 2018). We caution that here we assumed that the last detections at a 

staging site corresponded to an individual’s actual departure dates. All final detections fall within 

the range of expected departure dates of both species (Baker et al., 2013; Macwhirter et al., 2002; 

Withers, 2002). However, birds could have either died or moved outside of range of the Motus 

array prior departure from a site, and actual departures from the Gulf of Mexico may have been 

later than reported here. Further expansion of the Motus network in the Gulf of Mexico will help 

to more accurately assess local and migratory movements.  

4.3.6 Data analysis 

Following post-processing to remove false detections, radio-telemetry data revealed that 

individuals trapped in North Padre and Mustang Island moved between the nearby North Padre 

and Mustang Island study sites, and that individuals trapped at sites in Louisiana moved between 

the three Louisiana study sites. Therefore, sites were grouped into three areas for analysis, 

termed ‘staging areas’, to more accurately reflect the PAH exposure of an individual during a 

single staging event: (1) North Padre (composed of North Padre and Mustang Islands), (2) 

Bolivar Flats, and (3) Louisiana (composed of Elmer’s Island, Grand Isle, and Port Fourchon). 

We saw no inter-site movement of individuals between the North Padre, Bolivar Flats, and 

Louisiana staging areas.  

For each species, we evaluated differences in mass and plasma metabolite levels among 

staging areas using linear mixed effects models. Here, mass, rather than a size-corrected body 

mass index (i.e., residuals from regression of mass and body size), was used as we found a 

slightly higher correlation between mass and fat scores for Sanderling (R2
 = 0.72 for mass and 
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0.65 for body condition index) and for Red knots (R2 = 0.61 for mass and 0.60 for body 

condition index). Global models included staging area, year, and age as fixed effects. All models 

included random effects of capture date to control for seasonal variations in mass and metabolite 

levels, time of capture to account for any diurnal fluctuations, and handling time, as these 

variables are known to be influenced by the time between capture and sampling (Dietz et al., 

2009). Sanderling mass and the plasma metabolite concentrations of both species were log 

transformed to ensure that model residuals met the assumptions of normality and 

heteroscedasticity.  

Multivariate principal component (PCA, run using the prcomp function in the R stats 

package; R Core Team, 2017) were used to further evaluate the plasma metabolite concentrations 

of Sanderling and Red knots in each staging area. Initially, a PCA that included TG, BOHB, and 

UA was run to identify any clustering of metabolites profiles (i.e., the combination of the three 

metabolite concentrations in each sample) by staging area. Differences in plasma metabolite 

profiles among staging areas were tested using a PERMANOVA (run using the adonis function 

in the vegan package; Oksanen et al., 2018). Previous work has shown that together plasma TG 

and BOHB concentrations provide an accurate representation of an individual’s fuelling status 

(i.e., whether an individual is gaining or losing mass; Jenni-Eiermann and Jenni, 1994). 

Therefore, following the methods of Schaub and Jenni (2001), we also calculated a ‘fattening 

index’ as individual PCA axis scores of the first principle component (PC1) that included TG 

and BOHB only. More positive scores indicate that birds had higher TG levels (greater fuelling) 

and more negative scores indicate that birds had higher BOHB levels (lipolysis and reduced 

fuelling). Differences among study areas in this second PCA were also compared using a 

PERMANOVA. Fattening index was also compared among staging areas using linear mixed 

effects models. The global model included staging area, year, and age as fixed effects, plus the 

random effects of capture date, time of capture, and handling time.  

Departure dates and stopover durations were highly correlated in both species 

(Sanderling R2 = 0.99; Red knot R2 = 0.80), and preliminary analyses revealed that models with 

either response gave equivalent results. Therefore, we chose to only analyze departure dates as a 

metric of migration timing. First, we compared Sanderling and Red knot departure dates using a 

linear model that included species, staging area, and year as fixed effects. We then used linear 

mixed effects models to evaluate the influence of staging area, mass, fattening index, and year on 
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Sanderling and Red knot departure dates, with capture date as a random effect. Mass at capture 

and fattening index were not highly correlated in either species (Sanderling R2 = 0.25, Red knot 

R2 = 0.19), and therefore both variables were included in the global models. Sanderling and Red 

knots were analyzed separately due to potential differences in the physiology of each species that 

may mask the other variables. Model selection was performed using AICc scores (Akaike's 

information criterion corrected for small sample size), model weights, and deviance scores 

(Burnham and Anderson, 2002) in the bbmle package (Bolker and R Development Core Team, 

2017). When models were equivalent (ΔAICc < 2), the weighted model-averaged estimates of 

the top model sets were calculated using model.avg in the MuMIn package (Barton, 2017). All 

modelling was performed in R version 3.4.2(R Core Team, 2017) using the lme4 package (Bates 

et al., 2015), and plots were generated using ggplot2 (Wickham, 2009), cowplot (Wilke, 2017), 

ggmap (Kahle and Wickam, 2013), and RgoogleMaps (Loecher and Ropkins, 2015). 

4.4 Results 

4.4.1 Sediment PAH concentrations 

Pooled sediment total PAH (tPAH) levels were highest in the Louisiana staging area, 

where samples were dominated by PAHs composed of 6 rings (Figure 4.1). This was due to the 

high tPAH concentrations in sediment samples from Elmer’s Island (640 ng tPAH/g wet mass), 

which were dominated by indeno[1,2,3-cd]pyrene. Conversely, naphthalene (2 rings) was the 

predominant congener in samples from Grand Isle, and tPAH concentrations were much lower at 

this site (3.41 ng/g; Table 4.1). The Bolivar Flats and North Padre staging areas in Texas had 

similar tPAH concentrations (Figure 4.1, Table 4.1). North Padre samples were dominated by 

PAHs composed of 2 and 6 rings (Figure 4.1). Indeed, indeno[1,2,3-cd]pyrene was the 

predominant congener in North Padre sediments in all years, and North Padre samples from 2013 

and 2015 and the 2016 Mustang Island sample also had relatively high levels of naphthalene. 

The tPAH concentrations in North Padre also varied among years and were highest in 2013 (64.9 

ng/g) and lowest in 2014 (3.15 ng/g) and 2015 (9.71 ng/g; Table 4.1). Although naphthalene was 

the individual congener with the highest concentration in Bolivar Flats (8.49 ng/g, 32% of tPAH; 

Table 4.1), collectively, 3-ringed PAHs contributed to most of the tPAH concentrations at this 

staging area (58% of tPAH, Table 4.1; Figure 4.1).   
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Table 4.1. PAH concentrations (ng/g wet mass)a in sediment samples from four Gulf of Mexico 

staging sitesb and the total PAH (tPAH) concentrations in three staging area categories.    
 

 Staging area 

 

 

Bolivar 

Flats North Padre Louisiana 

PAH congener 

Ring 

# 

BF  

2016 

NPI 

2013 

NPI 

2014 

NPI 

2015 

MI  

2016 

EI  

2016 

GI  

2016 

Naph 2 8.49 

(32%) 

17.65 

(27%) 

0.59 

(19%) 

1.22 

(13%) 

22.41 

(64%) 

14.53 

(2.3%) 

1.02 

(30%) 

Acenthy 3 0.98 

(3.7%) 

1.46 

(2.3%) 

0.08 

(2.5%) 

0.1 

(1.0%) 

1.98 

(5.7%) 

1.39 

(0.2%) 

0.17 

(5.0%) 

Aceph 3 0.62 

(2.4%) 

0.46 

(0.7%) 

0.08 

(2.5%) 

0.08 

(0.8%) 

0.57 

(1.6%) 

1.02 

(0.2%) 

0.07 

(2.1%) 

Fluorene 3 2.00 

(7.6%) 

0.93 

(1.4%) 

n.d. n.d. 1.28 

(3.7%) 

5.79 

(0.9%) 

n.d. 

Phen 3 6.26 

(24%) 

3.24 

(5.0%) 

0.51 

(16%) 

0.44 

(4.5%) 

3.73 

(11%) 

36.42 

(5.7%) 

0.8 

(23%) 

Anth 3 5.14 

(20%) 

2.79 

(4.3%) 

0.44 

(14%) 

0.38 

(3.9%) 

3.29 

(9.4%) 

31.6 

(4.9%) 

0.69 

(20%) 

Fluor 4 0.62 

(2.4%) 

1.94 

(3.0%) 

0.05 

(1.6%) 

0.07 

(0.7%) 

0.55 

(1.6%) 

64.09 

(10%) 

0.09 

(2.6%) 

Pyrene 4 0.34 

(1.3%) 

1.5 

(2.3%) 

0.02 

(0.6%) 

0.06 

(0.6%) 

0.33 

(0.9%) 

53.82 

(8.4%) 

0.07 

(2.1%) 

BaA 4 0.04 

(0.2%) 

0.63 

(1.0%) 

0.02 

(0.6%) 

0.06 

(0.6%) 

0.07 

(0.2%) 

29.59 

(4.6%) 

0.01 

(0.3%) 

Chry 4 0.10 

(0.4%) 

0.99 

(1.5%) 

0.04 

(1.3%) 

0.1 

(1.0%) 

0.07 

(0.2%) 

30.88 

(4.8%) 

0.04 

(1.2%) 
BbF 5 0.02 

(0.08%) 

0.85 

(1.3%) 

0.01 

(0.3%) 

0.17 

(1.8%) 

n.d. 26.26 

(4.1%) 

0.02 

(0.6%) 

BkF 5 0.02 

(0.08%) 

0.47 

(0.7%) 

0.01 

(0.3%) 

0.09 

(0.9%) 

n.d. 14.79 

(2.3%) 

0.01 

(0.3%) 

BaP 5 0.05 

(0.2%) 

0.84 

(1.3%) 

0.07 

(2.2%) 

0.88 

(9.1%) 

n.d. 26.45 

(4.1%) 

n.d. 

DahA 5 0.01 

(0.4%) 

0.05 

(0.08%) 

0.01 

(0.3%) 

0.02 

(0.2%) 

0.55 

(1.6%) 

7.31 

(1.1%) 

0.01 

(0.3%) 

IcdP 6 1.65 

(6.3%) 

31.03 

(48%) 

1.21 

(38%) 

5.87 

(60%) 

0.21 

(0.6%) 

295.56 

(46%) 

0.39 

(11%) 

BghiP 6 0.03 
(0.1%) 

0.07 
(0.11%) 

0.01 
(0.3%) 

0.17 
(1.8%) 

n.d. 0.31 
(0.1%) 

0.03 
(0.9%) 

Site tPAH  26.4 64.9 3.15 9.71 35.0 640 3.41 

Area tPAH  26.4 28.2 ± 14.0 322 ± 318 

a Numbers in parentheses indicate % of study site total PAH (tPAH); n.d. = not detected.  
b Staging site abbreviations: BF = Bolivar Flats, NPI = North Padre Island, MI = Mustang Island, EI = Elmer’s 

Island, GI = Grand Isle. 
c PAH abbreviations: Naph = naphthalene, Acenthy = acenaphthylene, Aceph = acenaphthene, Phen = phenanthrene, 

Anth = anthracene, Fluor = fluoranthene, BaA = benz[a]anthracene, Chry = chrysene, BbF = benzo[b]fluoranthene, 

BkF = benzo[k]fluoranthene, BaP = benzo[a]pyrene, DahA = dibenz[ah]anthracene, IcdP = indeno[1,2,3-cd]pyrene, 

BghiP = benzo[ghi]perylene.  
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4.4.2 Shorebird fuelling and departures 

The mean and ranges of mass, plasma metabolite concentrations, and departure dates of 

each species are given in Table 4.2.  

4.4.2.1 Fuel loads 

There was not strong support for differences in Sanderling nor Red knot masses among 

staging areas. The best-approximating model for Sanderling only included year as a fixed effect, 

and individuals trapped in 2017 were heavier (β = 0.13 ± 0.04, p = 0.01) than in 2016 and 2015 

(see Table A.7 for model selection results). The best-approximating model for Red knots 

included age, staging area, and year as fixed effects. Juvenile (SY) Red knots tended to weigh 

less than older (ASY) birds (β = -10.7 ± 13.7, p = 0.45). Red knots in North Padre tended to 

weigh more than in Louisiana (4.63 ± 8.34, p = 0.82) and tended to be heavier in 2016 than in 

2015 (β = 11.5 ± 8.7, p = 0.59). However, these differences were not significant (p > 0.05).  

4.4.2.2 Fuelling rates 

Based on the single metabolites, we did not find a difference in fuelling rates among 

staging areas. Top model sets for BOHB (Sanderling only) and UA (both species) included year 

as a fixed effect. Relative to other years, in 2016 plasma BOHB concentrations were higher in 

Sanderling (β = 0.36 ± 0.12, p = 0.003) and plasma UA concentrations were lower in Sanderling 

(β = -0.14 ± 0.07, p = 0.04) and higher in Red knots (β = 0.31 ± 0.12, p = 0.01). Variation in TG 

(both species) and BOHB (Red knots only) were not explained by differences in staging area, 

year, or age (i.e., the null model was the top model for these responses; see Table A.8 for model 

selection results).  

Multivariate PCAs including TG, BOHB, and UA revealed the plasma metabolite 

profiles of Sanderling and Red knots in each staging area (Figure 4.2). In the PCA for 

Sanderling, principal component (PC) axis 1, PC2, and PC3 explained 46.0, 29.4, and 24.6% of 

the variance among plasma metabolites, respectively. Sanderling in Louisiana tended to have 

slightly higher plasma BOHB concentrations, although plasma metabolite profiles did not 

formally differ among staging areas (F2,77 = 1.97, p = 0.07). In the PCA for Red knots, PC1, 

PC2, and PC3 explained 59.6, 29.3, and 11.1% of the variance among plasma metabolites, 

respectively. Red knot plasma metabolite profiles from Louisiana compared to North Padre were  
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Table 4.2. Summary of means and ranges of mass, plasma metabolite concentrations, and 

departure dates of Sanderling and Red knots in the Gulf of Mexico. Mass and departure data 

were collected from 2015 to 2017 and plasma metabolite data were collected in 2015 and 2016. 
 Sanderling Red knot 

 mean range mean range 

mass (g) 56.5 

 

40.0 – 86.2  

(n = 165) 

137 

 

108 – 174 

(n = 55) 

TG (µg/µl) 1.07 

 

0.00 – 2.91 

(n = 80) 

1.65 

 

0.249 – 3.59 

(n = 35) 

BOHB (nmol/µl) 1.48 

 

0.521 – 4.59 

(n = 80) 

1.16 

 

0.390 – 2.47 

(n = 35) 

UA (nmol/µl) 1.35 

 

0.140 – 4.49 

(n = 80) 

1.34 

 

0.0574 – 2.68 

(n = 35) 

Departure (Julian day) 136.0 

 

123 – 159 

(n = 48) 

131.0 

 

117 – 144 

(n = 15) 

Abbreviations: TG = triglyceride, BOHB = β-hydroxybutyrate, UA = uric acid
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Figure 4.2. Plasma metabolite profiles of Sanderling and Red knots from staging areas in the 

Gulf of Mexico in 2015 and 2016 (North Padre = black squares, Bolivar Flats = gray circles, 

Louisiana = red triangles). Plasma metabolites are projected onto the first two principal 

component axes (PC1 and PC2) of a principal component analysis, where PC1 and PC2 explain 

46.0 and 29.4% (Sanderling) and 59.6 and 29.3% (Red knots) of the variance among variables, 

respectively. Ellipses are the 95% confidence ellipses for the mean of each staging area. BOHB: 

β-hydroxybutyrate, TG: triglyceride, UA: uric acid. Sample sizes for Sanderling: n = 49 (North 

Padre), 12 (Bolivar Flats), 19 (Louisiana); Red knot: n = 24 (North Padre), 11 (Louisiana).   
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statistically different (F1,31 = 4.15, p = 0.01), and Red knots in Louisiana had more variable 

metabolite profiles relative to North Padre. 

Sanderling ‘fattening index’ (PC1 axis score of PCA with TG and BOHB) explained 

57.3% of the variance in metabolites. Model-averaged mean Sanderling fattening index was 0.15 

and was significantly higher in Bolivar Flats relative to Louisiana (β = 0.74 ± 0.26, p = 0.005). 

Although Sanderling fattening index tended to be higher in North Padre relative to Louisiana (β 

= 0.18 ± 0.23), this difference was not statistically significant (p = 0.45; Figure 4.3; see Table 

A.8 for model selection results). Sanderling fattening index also varied by year, where 

individuals trapped in 2016 had lower fattening indices than individuals trapped in 2015 (β = -

0.66 ± 0.22, p = 0.004). For Red knots, fattening index explained 67.8% of the variance in 

metabolites. Model-averaged mean Red knot fattening index was 0.05 and was lower in North 

Padre than Louisiana (β = -0.60 ± 0.27, p = 0.04; Figure 4.3). Red knots tended to have higher 

fattening indices in 2016 relative to 2015, but these differences were again not statistically 

significant (β = 0.47 ± 0.37, p = 0.23). 
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Figure 4.3. Fattening indices of Sanderling and Red knots from staging areas in the Gulf of 

Mexico in 2015 and 2016. Fattening index was calculated from the PC1 axis score of a PCA that 

included TG and BOHB. More positive values indicate greater fat deposition and more negative 

values indicate lower fat deposition. Boxes show model-averaged fattening index means ± 

standard error, with vertical lines indicating the 95% confidence interval. Box colours indicate 

species (white: Sanderling, gray: Red knot). Dotted horizonal lines show the mean model-

averaged fattening index of each species. Sample sizes: Sanderling n = 49 (North Padre), 12 

(Bolivar Flats), 19 (Louisiana); Red knot n = 24 (North Padre), 11 (Louisiana). 
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4.4.2 Departure dates  

Initial models compared departure dates of Sanderling and Red knots among staging 

areas using last Motus detections. The best approximating model included species, staging area, 

and year as fixed effects (see Table A.9 for model selection results). Although Red knots tended 

to depart earlier, differences in departure dates between species were not statistically significant 

(β = 3.68 ± 0.02, p = 0.12). For each species, we examined departure dates among staging areas 

alongside physiological metrics of fuelling status (i.e., mass and fattening index; model selection 

results are in Table A.10). For Sanderling, the best approximating model for departure timing 

included fattening index, staging area, and year as fixed effects, whereas mass was not retained 

in the model. We found that on average, Sanderling departed on Julian day 136 (i.e., May 15/16), 

with birds in North Padre departing earliest (β = -14.8 ± 2.7, p < 0.0001; Figure 4.4). Sanderling 

also departed approximately 11 days earlier in 2016 (β = -10.6 ± 2.7, p = 0.0002) relative to 

2015. There was no relationship between fattening index and departure dates (β = -0.06 ± 1.65, p 

= 0.97). For Red knots, the best approximating model for departure timing included staging area 

and year as fixed effects, and neither mass nor fattening index were retained in the model. On 

average, Red knots departed on Julian day 131 (i.e., May 10/11). Red knots tended to depart 

earlier in 2016 relative to 2015 (β = -8.3 ± 4.8, p = 0.14), and Red knots in North Padre tended to 

depart slightly earlier than individuals in Louisiana (β = -8.5 ± 5.7, p = 0.19; Figure 4.4), but 

these differences were not significant. 
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Figure 4.4. Sanderling and Red knot departure dates from staging areas in the Gulf of Mexico 

from 2015 – 2017. Boxes show median departure dates ± the first and third quartiles, with 

vertical lines indicating the 95% confidence interval; dots indicate values lying outside of the 

95% confidence interval. Box colours indicate species (white: Sanderling, gray: Red knot). The 

black dotted horizontal line shows the mean departure date for Sanderling, and the gray dashed 

horizontal line shows the mean departure date for Red knots. Sample sizes: Sanderling n = 18 

(North Padre), 17 (Bolivar Flats), 13 (Louisiana); Red knot n = 9 (North Padre), 6 (Louisiana).
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4.5 Discussion 

We hypothesized that staging site quality is lowered by PAH contamination, with 

consequences for shorebird refuelling and departure timing. As expected, sites in Louisiana had 

the highest sediment PAH concentrations, and PAHs were present at levels high enough to cause 

sublethal effects. Fuelling data suggested that Sanderling, but not Red knots, were fuelling less 

rapidly in Louisiana than birds at sites with lower PAH contamination, and both species departed 

later from Louisiana than from North Padre. There is thus correlative evidence to support our 

hypothesis that elevated PAH exposures may be associated with slower pre-migratory fuelling in 

Sanderling and with later departure dates in both species. However, Sanderling in Bolivar Flats 

departed at the same time as birds from Louisiana, suggesting that other unmeasured factors 

affected fuelling rates and departure dates at this site. PAH contamination remains an issue in the 

Gulf of Mexico and may play a role in reducing staging site quality for migratory birds. There is 

a strong association between staging site quality, overall migration pace, and population 

dynamics in avian migrants (Baker et al., 2004; Deppe et al., 2015; Gómez et al., 2017). 

However, many key staging sites remain poorly characterized in terms of chemical 

contamination. This study highlights the need to consider organic pollutants alongside other 

variables when assessing the quality of staging sites for refuelling in long-distance migratory 

birds.  

4.5.1 Composition and concentration of PAHs in sediment samples 

Our results confirm the hypothesis that pooled sediment tPAH concentrations were 

highest at sites in Louisiana, which were more heavily impacted by the Deepwater Horizon oil 

spill (Beyer et al., 2016). The average tPAH concentration in Louisiana (322 ng/g) fell within the 

range of tPAH concentrations measured in oil-soaked beach sands and sediments surrounding the 

Macondo wellhead following the Deepwater Horizon spill (300 – 2800 ng/g; Aeppli et al., 2012; 

Liu et al., 2012). However, much higher sediment tPAH concentrations (>500,000,000 ng/g) 

were also recorded (Sammarco et al., 2013; Urbano et al., 2013).  

The oil released by the Deepwater Horizon spill (MC252) is a light crude, dominated by 

naphthalene (64% of tPAH), followed by phenanthrene and fluorene, with chrysene and other 

heavier PAHs occurring as relatively minor components (Liu et al., 2012). The lighter MC252 

components, like naphthalene, were mostly depleted by the time oil reached the shoreline (range 
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0 to 9% of tPAH; Aeppli et al., 2012; Liu et al., 2012; Urbano et al., 2013). The more toxic, 

higher molecular weight PAHs are more recalcitrant to weathering and microbial degradation, 

and phenanthrene, chrysene, and other heavier PAHs were enriched in samples from oiled 

beaches (38-56% tPAH) up to 4 years following the spill (Aeppli et al., 2014; Liu et al., 2012; 

Urbano et al., 2013). Therefore, the predominance of indeno[1,2,3-cd]pyrene (6-rings) in 

Louisiana sediments may reflect ongoing MC252 weathering, whereas the relatively high 

concentrations of naphthalene (2-rings) in North Padre and Bolivar Flats may suggest more 

recent oil pollution in these areas, either from smaller scale oil spills or natural oil seeps (Beyer 

et al., 2016; Burger, 2017). High molecular weight PAHs (4-6 rings, including 

benz[a]anthracene, chrysene, benzo[a]pyrene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene) 

are also abundant in pyrogenic PAHs (e.g. from gasoline and diesel combustion; Harrison et al., 

1996). Sediments in the northern Gulf of Mexico that were not oiled by the Deepwater Horizon 

spill show tPAH concentrations similar to what we measured in Louisiana (~100 – 450 ng/g), 

with a predominance of high molecular weight PAHs (Wang et al., 2014). Therefore, the 

relatively high proportion of 4-6 ring PAHs in Louisiana and North Padre suggest that petroleum 

combustion may also have contributed to the tPAH concentrations in these staging areas. 

Overall, our results suggest that birds in Louisiana experienced higher levels of PAH 

exposure than birds in Bolivar Flats and North Padre. As well, because sediment samples from 

Louisiana were predominated by higher molecular weight PAHs, which are more lipophilic and 

resistant to oxidation and reduction (Liu et al., 2012), birds staging in Louisiana may have a 

higher potential for chronic PAH exposure. Marine invertebrates bioaccumulate PAHs and 

typically show higher concentrations than the surrounding sediment (Snyder et al., 2014b). 

Therefore, sediment tPAH concentrations could underestimate shorebird exposures from 

foraging. Willie et al. (2017) found that tPAH concentrations of < 150 ng/g in the marine 

invertebrate food source of the sea duck, Barrow’s goldeneyes (Bucephala islandica), were 

associated with elevated hepatic 7-ethoxyresorufin-O-deethylase (EROD) activity. As well, 

Common Loons (Gavia immer) with plasma PAH concentrations > 5 ng/g weighed less on 

average than individuals with undetectable plasma PAH concentrations (Paruk et al., 2016). This 

suggests that tPAH concentrations in Louisiana sediments were high enough to stimulate mass 

loss through mechanisms possibly associated with activation of the AhR.  
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We acknowledge that our sediment sample size is small. Ideally, we would have 

sediment samples from all staging sites and every year that birds were trapped to more accurately 

assess temporal and spatial trends in site-level exposure. Further work is needed to fully 

characterize intertidal subsurface oil contaminant levels at multiple staging areas in the Gulf of 

Mexico in both sediment and prey samples. Our small sample size may have contributed to the 

high variation in sediment tPAH concentrations in Louisiana, where sediments from Elmer’s 

Island had tPAH concentrations 188-fold higher than Grand Isle. Previous work found that 

sediment samples in this region of the Gulf of Mexico tend to show high differences in PAH 

concentrations due to their proximity to the mouth of the Mississippi River, where a variety of 

newly deposited sediment types are within close proximity of each other (Wang et al., 2014). 

The high variation in tPAH concentrations may also result from the uneven distribution of 

sedimented organic detritus in the sampling area (Snyder et al., 2014a). Moreover, beach raking 

activities, which can expose subsurface sediments and accelerate photooxidation (Bagby et al., 

2017), and beach nourishment activities, which dredge material from offshore sites and deposit it 

in intertidal and dune zones (Campbell et al., 2004; Louisiana Department of Wildlife and 

Fisheries, 2016), are common practices at many Gulf sites, including Grand Isle (Meyer-Arendt, 

2011). Beach raking and nourishment activities complicate pinpointing the source of PAH 

contamination and assessing the long-term weathering of PAHs in any one site.  

4.4.2 Staging area quality for fuelling shorebirds 

In Sanderling, the results supported our hypothesis that elevated PAH exposures are 

associated with slower pre-migratory fuelling and later departures. Staging sites in Louisiana had 

the highest sediment PAH concentrations. Plasma metabolite profiles indicated that birds in 

Louisiana tended to have higher plasma BOHB concentrations, and fattening index scores tended 

to be lower in Louisiana relative to North Padre and Bolivar Flats, indicative of relatively lower 

fat deposition rates at this site. As well, Sanderling in Louisiana departed later than individuals 

staging in North Padre (results for Bolivar Flats are discussed below). There is thus correlative 

evidence showing that higher sediment PAH concentrations in Louisiana were associated with 

lower refuelling and later departure dates in Sanderling.  

The relationship between sediment PAH concentrations and Red knot fuelling and 

departure data is less consistent, likely due to our small sample size. Red knots in North Padre 

exhibited a lower fattening index than Red knots in Louisiana, suggesting that Red knots in 
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North Padre fuelled more slowly. However, like Sanderling, Red knots in North Padre departed 

earlier than individuals in Louisiana. Louisiana plasma metabolite profiles showed high 

variability, likely due to the small number of Red knots sampled at this site, and thus should be 

interpreted with caution. There is preliminary evidence in a small number of individuals that 

higher PAH exposures in Louisiana were correlated with later Red knot departures, but more 

research is needed to confirm that the results for Sanderling are generalizable to other shorebird 

species.  

It is important to note that there were also unexpected relationships between Sanderling 

site-level fuelling and departure data. Sanderling in North Padre tended to have below average 

model-predicted fattening indices at capture but departed earliest, and Sanderling in Bolivar Flats 

exhibited more positive fattening index scores at capture but departed relatively late. In both 

species, neither fuel loads at capture nor fattening index explained the variation in departure 

dates. This is unexpected, given the strong association between fuelling rates and departure dates 

in spring migrating shorebirds species (Baker et al., 2004), but may explain the inconsistencies 

between fuelling and departure data observed here. The timing of shorebird sampling likely 

influenced our mass and plasma metabolite results. Investigations into mass at capture over time 

revealed that Sanderling in the Gulf of Mexico did not initiate rapid fuelling until Julian Day 120 

(April 29 – 30; Figure A.2). Unfortunately, we only trapped Sanderling after Julian Day 120 in 

North Padre and Bolivar Flats in 2017, but plasma metabolites were not measured. Indeed, prior 

to 2017, the heaviest trapped individual weighed only 64 g, which is well below the highest mass 

(~100 g) observed previously in fuelling Sanderling (Robinson et al., 2003). Although Red knots 

exhibited more linear mass increases over time (Figure A.3), the heaviest individual in this study 

weighed 175 g, which is also below the typical departure mass (~200 g) of this species (Baker et 

al., 2004; Robinson et al., 2003). It is expected that the relationship between fuel loads at capture 

and departure dates would be stronger closer to departure. 

The timing of sampling may also explain why fuel loads at capture did not differ among 

staging areas with different levels of PAH contamination. Previous work in our lab orally dosed 

Sanderling with increasing PAH concentrations for the duration of their pre-migratory fuelling 

period. We found that PAH exposure over 21 days lowered fuelling rates and overall mass gains 

near the end of the dosing experiment (Bianchini and Morrissey, 2018), which suggests that 

PAH-induced reductions in fuel loads and fuelling rates may be more measurable near peak 
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mass, which is closer to departure. Therefore, the timing of sampling is likely important in 

determining PAHs effects on fuel loads and fuelling rates.  

  Although Sanderling in Bolivar Flats exhibited more positive fattening index scores at 

capture, indicative of relatively high fat deposition rates, these birds also showed highly variable 

departure dates (range: 30 days) and on average departed at the same time as Sanderling in 

Louisiana. These results suggest that other, unknown factors prolonged Sanderling staging 

durations in Bolivar Flats. Both the Louisiana and Bolivar Flats staging areas are relatively 

highly polluted (Rabalais et al., 2002; Saleh and Wilson, 1999; Santschi et al., 2001), and it is 

important to consider that for both species other co-contaminants not measured here may have 

influenced departures from these sites. The Louisiana staging area is located near the mouth of 

the Mississippi River. Outflows from the Mississippi River are expected to have high 

contaminant loads, as much of the land upstream is devoted to agriculture and industry (Rabalais 

et al., 2002). In addition to oil pollution, inputs of concern in the Mississippi River Basin are 

nitrogen fertilizers (Rabalais et al., 2002), legacy contaminants, including DDTs and 

polychlorinated biphenyls (Santschi et al., 2001), and heavy metals, including mercury (Bank et 

al., 2007). Similarly, Bolivar Flats is located in the Houston Ship Channel, a heavily polluted 

water body that receives significant municipal and industrial discharges. For instance, this 

location is known to have high concentrations of dioxins, dibenzofurans, polychlorinated 

biphenyls, and heavy metals (Saleh and Wilson, 1999; Suarez et al., 2006). It is therefore likely 

that multiple contaminants interacted in these staging areas; however, the mixture toxicity of 

these different classes of environmental pollutants is poorly understood, and their combinatorial 

effects on avian pre-migratory fuelling and departures is unknown.  

It is also important to consider the multiple factors that, in addition to staging site PAH 

concentrations, could influence refuelling rates and departure decisions. Fuel loads and departure 

dates are influenced by inter-annual differences in arrival dates, foraging conditions, food quality 

and availability, environmental factors, such as wind direction and precipitation, and an 

individual’s sex and age (Covino et al., 2014; Jarjour et al., 2017). A major limitation of our 

radio-telemetry data is that the arrival dates of individuals are unknown. Therefore, differences 

in time spent refuelling are uncertain. We were also unable to re-trap birds to calculate departure 

fuel loads (Atkinson et al., 2007; Bayly et al., 2012). Therefore, it is unknown whether 

individuals are staying longer to reach a departure mass threshold or if they are following a 
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stricter migration schedule and depart at the same time but risk migrating with inadequate fuel 

stores (Baker et al., 2004). As well, there is the possibility of carry-over effects from earlier 

staging and wintering sites. Previous work has shown that wintering and staging site habitat 

quality influence the subsequent migration pace (Gómez et al., 2017). Therefore, the conditions 

that birds experienced prior to their arrival in the Gulf of Mexico may have influenced their 

fuelling performance and body condition at our staging sites. More research will be needed to 

fully characterize the differences in refuelling rates and departure dates observed here and to 

definitively link staging site PAH contamination to impaired fuelling and delays in departure 

timing.
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5 CHAPTER 5: FUEL LOADS, MIGRATION PACE, AND STAGING SITE 

CONNECTIVITY IN A LONG-DISTANCE MIGRATORY SHOREBIRD 
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PREFACE 

 

 Chapter 4 found early evidence that shorebirds at staging sites with higher sediment PAH 

concentrations had lower refuelling rates and later departure dates. The goal of Chapter 5 was to 

examine whether differences in refuelling and departure timing affect the subsequent pace of 

Sanderling migration. Migration pace affects how early birds arrive on their breeding grounds in 

the spring, and earlier arrival is typically associated with greater reproductive success. Therefore, 

Chapter 5 provides measurements that are relevant to shorebird demographics. Combined with 

the data of preceding chapters, this work supports a predictive link between PAH exposure and 

changes in Sanderling population trajectories.    
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5.1 Abstract 

Despite the link between migration pace and avian fitness, the factors that influence 

migration timing are not well understood, and researchers tend to study staging areas in isolation. 

Therefore, we investigated the relationships between fuelling, departure and arrival dates, and 

travel speed in northward-migrating Sanderling (Calidris alba) at latitudinally disparate staging 

sites along the Central and Mississippi Flyways. Between 2015 and 2017, we captured, 

measured, and attached coded nanotags to 121 Sanderling from 6 sites in the Gulf of Mexico 

(GOM) and 118 Sanderling from Chaplin Lake, Saskatchewan to assess staging behaviour using 

the Motus telemetry array. Fuel loads were negatively correlated with stopover durations and 

departure dates at all sites. Most (91%, n = 20) GOM-trapped Sanderling detected in more 

northern latitudes were in Saskatchewan. Although travel time between the GOM and 

Saskatchewan was negatively associated with departure dates (i.e., birds that departed later from 

the GOM travelled faster to reach Saskatchewan), individuals that departed later from the GOM 

were unable to catch up with earlier individuals and showed later arrival and subsequent 

departure dates in Saskatchewan. Our study provides evidence that delays in migration carry 

over from one staging site to the next. This work highlights how proper fuelling at staging areas 

along the entire migration route is essential for the conservation of migrant species. 
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5.2 Introduction 

 Every year, long-distance migrants travel vast distances to find better foraging 

opportunities, avoid predation and inclement weather, and improve fitness (Alerstam et al., 

2003). Although the conditions at a migrant’s destination (i.e., its breeding and wintering 

grounds) are significant determinants of fitness and survival (Latta and Baltz, 1997; Rappole and 

McDonald, 1994), there is mounting evidence to suggest that conditions along migratory routes 

are important drivers of population dynamics (Baker et al., 2004; Hewson et al., 2016; Newton, 

2006).  In particular, factors that influence migration timing in the spring have been closely 

linked to the fitness of migrant birds. This is because early arrival on the breeding grounds is 

associated with access to higher quality territories and mates, earlier breeding, additional time for 

renesting, and consequently, greater reproductive performance (Norris et al., 2004; Smith and 

Moore, 2005).  

 Given the link between pre-breeding migration timing and avian fitness, spring migrants 

are expected to minimize the time spent on migration (Alerstam and Lindström, 1990; Farmer 

and Weins, 1999; Hedenström and Alerstam, 1997; Lyons and Haig, 1995). Individuals behaving 

according to a time-minimization migration strategy (i.e., time-minimizers) are predicted to 

make relatively rapid migration flights with fewer stopovers en route (Alerstam, 2001; 

Hedenström and Alerstam, 1997). Relatively more time is spent at staging sites to refuel than in 

actual flight during migration (Hedenström and Alerstam, 1997; Schmaljohann et al., 2017). 

Therefore, time-minimizers are expected to gain the maximum amount of fuel in the least 

amount of time (Alerstam and Lindström, 1990), and factors affecting fuelling rates, like staging 

site habitat quality (Bayly et al., 2012), should strongly influence departure fuel loads and the 

total speed of migration (Hedenström and Alerstam, 1997; Houston, 2000). Indeed, migrants at 

lower quality wintering and staging sites tend to have lower fat loads, which are associated with 

later spring departures (Cooper et al., 2015), delayed arrival on the breeding grounds (Cooper et 

al., 2015; Finch et al., 2014; Norris et al., 2004), and, ultimately, lower reproductive success 

(Finch et al., 2014; Marra et al., 1998; McKellar et al., 2013; Norris et al., 2004). Therefore, the 

population dynamics of time-minimizers are sensitive to factors that limit pre-migratory fuelling 

(Baker et al., 2004; Cooper et al., 2015; Finch et al., 2014), and events during staging have the 

potential to carry-over and influence subsequent stages of the annual cycle (Finch et al., 2014; 

Legagneux et al., 2012). 
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There is thus a strong association between spring migration pace and reproductive 

success in birds (Norris et al., 2004; Smith and Moore, 2005), and identifying the factors 

influencing migration timing will have important implications for avian conservation. Indeed, 

evidence suggests that birds may be particularly vulnerable during migration (Hewson et al., 

2016; Newton, 2006; Piersma, 1994), and species of long-distance migrant birds are currently 

experiencing population declines globally (Berthold et al., 1998; Robbins et al., 1989; Sanderson 

et al., 2006). However, studying long-distance migratory birds can be challenging. Multiple 

factors, such as departure fuel loads, sex, age, weather, and predator avoidance, can affect avian 

migration pace (Farmer and Weins, 1999; Gómez et al., 2017; Hope et al., 2014, 2011; Warnock 

et al., 2004). Research is further complicated by the potential for carry-over effects along the 

migration route, where conditions at one site affect an individual’s performance at a subsequent 

site (Harrison et al., 2011). Moreover, studying long-distance migrants has been complicated by 

the logistical difficulty of tracking individuals across widely dispersed, but biologically linked, 

breeding, wintering, and staging sites (Marra et al., 1998; Norris et al., 2004; Webster et al., 

2002).  

 Our goal was to examine the factors affecting migration pace in a long-distance 

migratory shorebird species, Sanderling (Calidris alba). New World Sanderling migrate up to 

10,000 km annually between their wintering grounds in South and Central America and the Gulf 

of Mexico (GOM) and their breeding grounds in the Canadian Arctic (Macwhirter et al., 2002). 

Previous work suggests that arctic breeding shorebirds tend to use a time-minimization migration 

strategy, where birds accumulate exceptional pre-migratory fuel loads, have high fuelling rates, 

and rely on relatively few staging sites (Farmer and Weins, 1999; Gudmundsson et al., 1991; 

Jehl, 1997; Lyons and Haig, 1995). Although previous work points to the importance of the 

Central and Mississippi Flyways (hereafter referred to as the “mid-continental flyways”) for 

Sanderling migration (Myers et al., 1990; Skagen et al., 1999), the quality of staging sites along 

these migration routes remains relatively understudied, and the migration behaviour of 

Sanderling on these flyways is not well understood.  

Recent advancements in automated radio-telemetry systems facilitate the continuous 

tracking of migrants across broad geographical scales (Taylor et al., 2017). Therefore, we used a 

combination of field measurements and direct tracking to investigate the relationship between 

staging site fuel loads, departure and arrival dates, and migration timing as Sanderling migrated 
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between key, latitudinally dispersed staging sites along the mid-continental flyways (sites in the 

GOM and Saskatchewan, Canada). Given that spring-migrating shorebirds are typically time-

minimizers, we hypothesized that fuel loads influence Sanderling migration timing, and we 

tested the predictions that (1) stopover durations and (2) departure dates are correlated with fuel 

loads. By monitoring individuals in both the GOM and Saskatchewan, we were also able to look 

for potential carry-over effects between staging sites. We hypothesized that delays in migration 

carry-over from one staging site to the next. We tested the predictions that (1) GOM departure 

dates are positively associated with Saskatchewan arrival dates and (2) Saskatchewan arrival and 

departure dates are positively related.   

5.3 Materials and methods 

5.3.1 Animal capture and handling 

Between 2015 and 2017, Sanderling were trapped during northward migration from 

staging sites in Texas (North Padre Island, 27º20′56.0′′N 97º19′49.3′′W; Bolivar Flats, 

29º24′05.6′′N 94º42′32.7′′W), Louisiana (Elmer’s Island Wildlife Refuge, 29º10′49.4′′N 

90º03′58.1′′W; Grand Isle, 29º13′11.2′′N 90º00′59.5′′W; Port Fourchon, 29º05′51.1′′N 

90º12′16.9′′W), and Saskatchewan, Canada (Chaplin Lake, 50°26′28.36′′, -106°40′9.37′′) (Figure 

5.1). We classified trapping sites in the GOM into three trapping areas: (1) North Padre Island, 

Texas (2) Bolivar Flats, Texas and (3) Louisiana (composed of Elmer’s Island, Grand Isle, and 

Port Fourchon).    
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Figure 5.1. Sanderling trapping sites, detection locations, and spring migration patterns. (A) 185 

radio-tagged Sanderling were detected at receivers throughout North America (white dots). 22 

Sanderling were detected at receivers north of where they were trapped. For these birds, lines 

connect the great arc distances between an individual’s last detection in the Gulf of Mexico and 

its first detection at a more northern site (lines do not necessarily indicate flight paths). The map 

inset indicates the area in North America shown in panel A. (B - E) Receiver locations where 

Sanderling were detected (white dots) and Sanderling trapping sites (red dots) in the Chaplin 

Lake (B), North Padre (C), Bolivar Flats (D), and Louisiana (E) trapping areas.  
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In the GOM, birds were trapped during the day using cannon nets and noose carpets, and 

in Chaplin Lake, birds were trapped at night using mist nets and during the day with noose 

carpets. Upon capture, individuals were weighed, measured and given a unique numbered metal 

band and a coded alpha numeric flag. In Chaplin Lake, birds were also given a combination of 

coloured leg bands representing the cohort site and year. We attached Lotek coded nanotags 

(NTQB-3-2, Newmarket, ON, Canada) to 59 Sanderling in North Padre, 31 Sanderling in 

Bolivar Flats, 30 Sanderling in Louisiana, and 118 Sanderling in Chaplin Lake. Tags weighed 

0.67 g (< 1.5% of the estimated lean body mass of Sanderling; Scott et al., 2004), and were 

programmed with pulse lengths of 2.5 ms and pulse intervals of approximately 6 s (2015 and 

2016) and 8 s (2017), at a single frequency (166.380 MHz). Sanderling undergo extreme 

variations in body mass during migration (Sanderling can gain over 50% of their lean body mass 

during a single staging event; mass ranges from ~40 to >100 g; Robinson et al., 2003). 

Therefore, nanotags were affixed to birds by gluing tags to birds’ skin using a quick-setting 

marine epoxy (J-B Weld ClearWeld 5 Min Epoxy). Nanotags were only attached to adult after 

second year (ASY) birds, as second year (SY) juvenile birds can exhibit different migration 

schedules (McKinnon et al., 2014; Stewart et al., 2002).  

5.3.2 Detection data collection and processing 

We tracked Sanderling migration movements using the Motus Wildlife Tracking System 

(http://motus.org/), a collaborative research network that coordinates and maintains an 

international array of automated radio-telemetry receivers (Taylor et al., 2017). Between 2015 

and 2017, over 300 receiver stations in North America were operational, which can detect birds 

within about 15 km of the receiver tower (Taylor et al., 2017). Detections of radio-tagged 

Sanderling were filtered to only include true signals with at least three consecutive tag detections 

on a single antenna at a single receiver (Crewe et al., 2018; Gómez et al., 2017). Our radio-

tagged Sanderling were detected at 26 receiver stations during their northward, spring migration 

(Figure 5.1), giving us the exact time of detection and approximate location of individuals over 

the study period.  

   Detection data were used to calculate the minimum, corrected, and actual stopover 

durations of tagged Sanderling. Minimum stopover duration was calculated as the number of 

days between capture (and nanotag attachment) and the final detection of an individual in its 

trapping area (we saw no movement of birds between the North Padre, Bolivar Flats, and 
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Louisiana trapping areas). We use the term ‘minimum’ stopover duration because the arrival date 

prior to capture and tagging is unknown. We use the term ‘corrected’ stopover duration for all 

GOM birds given the mixture of individuals that were overwintering and staging. We found that 

Sanderling at our GOM sites ramped up fuelling on Julian day 120 (April 29 and 30), and that 

prior to this date Sanderling maintained their over-wintering lean mass (see Figure A.2). 

Therefore, for the subset of individuals trapped in the GOM before Julian day 120 (n = 80), we 

calculated stopover duration as the number of days between Julian day 120 and an individual’s 

final detection in the trapping area. Finally, for birds trapped in the GOM and detected in 

Chaplin Lake (n = 19), ‘actual’ stopover duration was calculated as the number of days between 

the first and last detection in Chaplin Lake (i.e., departure – arrival date). Here an actual stopover 

event was defined as a detection period lasting at least two days, and shorter durations were 

considered fly-bys.    

Detection data were also used to calculate the travel time for all individuals trapped in the 

GOM and detected in Saskatchewan. Travel time was calculated as the number of days between 

an individual’s last detection in the GOM and an individual’s first detection in Saskatchewan. 

We caution that throughout this paper we assumed that the last and first detections at a staging 

site corresponded to the actual departure and arrival dates of individuals. However, birds can 

move out of the range of the Motus receiver stations, and it is possible that the actual departure 

and arrival timing of certain individuals was not detected. Consequently, actual departures, 

arrivals, and travel times may be later, earlier, and faster, respectively, than those reported here. 

However, we cannot reliably differentiate between actual migration departures and more local 

movements with the current dataset. Further development of the Motus network in the GOM and 

along the mid-continental flyways will help to more accurately assess movements within and 

between staging areas along these migration routes. 

5.3.3 Statistical analyses 

Several models were used to examine differences among Sanderling from different 

trapping areas. Linear mixed effects models were used to compare corrected stopover durations 

among GOM trapping areas, actual and minimum stopover durations in Chaplin Lake, and 

differences in departure dates from the GOM and Chaplin Lake among individuals from different 

trapping areas. We used linear models to compare actual stopover durations, Chaplin Lake 

arrival dates, and travel times among Sanderling from different GOM trapping areas. All global 
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models included trapping area (North Padre Island, Bolivar Flats, Louisiana, and, where 

applicable, Chaplin Lake) and year as fixed effects, and mixed effects models included a random 

intercept for capture date. Departure dates from the GOM were log transformed and departure 

dates from Chaplin Lake were cube transformed to ensure that model residuals met the 

assumptions of normality and heteroscedasticity. 

 Further analyses examined the factors influencing migration timing and pace. We used a 

linear mixed effects model to examine the effect of mass at capture (i.e., fat loads; see Figure 

A.4) on stopover duration and departure timing. Global models included mass and year as fixed 

effects, and random intercepts were included for capture date and capture time. For Sanderling 

trapped in the GOM and detected in Chaplin Lake, we separated travel time into two ordered 

categories: ‘slower’ (> 11 days) and ‘faster’ (< 11 days), where 11 days was the median travel 

time between the GOM and Chaplin Lake. We used a linear model to investigate the effect of 

GOM departure date, travel time, and the interaction of GOM departure date and travel time on 

Chaplin arrival date. A linear model was also used to examine the relationship between Chaplin 

arrival and departure dates. Both linear models included year as a fixed effect.  

 All modelling was performed in R (R Core Team, 2017) using the lme4 package (Bates et 

al., 2015). Lower AICc scores (Akaike’s information criterion corrected for small sample size), 

model weights, and deviance scores were used for model selection according to Burnham and 

Anderson (Burnham and Anderson, 2002) using the bbmle package (Bolker and R Development 

Core Team, 2017). Where models were equivalent, weighted model-averaged estimates were 

calculated for fixed effects in the top model set (ΔAICc < 2) using model.avg in the MuMIn 

package (Barton, 2017). All plotting was performed using packages ggplot2 (Wickham, 2009) 

and cowplot (Wilke, 2017). Maps were created using packages ggmap (Kahle and Wickam, 

2013) and RgoogleMaps (Loecher and Ropkins, 2015).  

5.4 Results 

Nanotagged Sanderling detection locations and migratory movements indicated a strong 

selectivity for northward migration along the mid-continental flyways (Figure 5.1). Indeed, of 

the 22 Sanderling tagged in the GOM and detected again in more northern latitudes, 20 

individuals (91%) were detected by receivers in Saskatchewan and only 2 in the Eastern Flyway, 

suggesting strong connectivity between GOM and Saskatchewan staging sites.   



100 

 

The best approximating model to explain differences in corrected stopover duration 

among GOM trapping areas included trapping area and year (see Table A.11 for model selection 

results). North Padre birds showed significantly shorter stopover durations than birds tagged in 

Bolivar Flats and Louisiana (β = -12.9 ± 3.74, p = 0.001; Figure 5.2A), and corrected stopover 

durations in the GOM were shorter in 2016 (-12.4 ± 3.6, p = 0.001) and 2017 (-18.0 ± 4.5, p = 

0.0003) relative to 2015. Departure dates from the GOM showed a high level of variation (range: 

Julian day 123 to 159; i.e., May 2/3 to June 7/8; Figure 5.2B), which was not explained by 

trapping area or year (i.e., the intercept only model was the top model; see Table A.11 for model 

selection results). Models examining the effect of mass at capture on corrected stopover duration 

and departure date both included mass and year in the best-supported model sets (see Table A.12 

for model selection results). There was a negative association between mass at capture and 

corrected stopover duration in the GOM such that heavier birds had shorter stopovers (β = -0.33 

± 0.19, p = 0.08; Figure 5.2C) and departed earlier (β = -0.35 ± 0.19, p = 0.07; Figure 5.2D). 

Although year was in these top model sets, it was not formally significant (p > 0.05).
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Figure 5.2. Fuel loads affected Sanderling stopover and departure timing in the Gulf of Mexico 

(GOM). (A) Corrected stopover duration of Sanderling varied among GOM trapping areas. (B) 

There was variation in departure dates among Sanderling in the GOM. Shaded polygons 

represent the probability density of departure (area under the curves = 1), and vertical lines show 

the median departure date from each trapping area. Mass at capture was negatively correlated 

with corrected stopover duration (C) and GOM departure dates (D). In panels C and D, dots 

indicate raw data points, and lines indicate model-based estimates of the weighted model-

averaged means ± a 95% confidence interval. Sample sizes: Bolivar Flats n = 17, Louisiana n = 

13, North Padre n = 18.   
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 Twenty birds trapped in the GOM were subsequently detected in Saskatchewan, of which 

15 staged for at least two days in Chaplin Lake. These birds showed a high variation in travel 

time between these sites (median = 11.0 days, range = 3.17 – 34.0 days). Travel time was 

negatively associated with GOM departure dates (β = -0.46 ± 0.24, p = 0.07), and travel times to 

Saskatchewan were shorter in 2015 (β = -10.8 ± 4.5, p = 0.03) and 2017 (β = -9.75 ± 4.4, p = 

0.04) compared to 2016 (see Table A.13 for model selection results). Travel times to 

Saskatchewan did not differ among GOM trapping areas (i.e., the null model was the best 

approximating model for this response; see Table A.14).  

 Variation in Chaplin Lake arrival dates was explained by travel time, GOM departure 

date, and the interaction of travel time and departure date (see Table A.15 for model selection 

results). Chaplin arrival date was positively correlated with GOM departure date (β = 0.75 ± 

0.21, p = 0.002) and negatively correlated with travel time (β = -8.6 ± 1.9, p < 0.0001), and the 

interaction of GOM departure date and travel time negatively influenced Chaplin Lake arrival 

date (β = -0.064 ± 0.015, p < 0.0001) such that birds departing the GOM on the same date that 

travelled more slowly arrived later in Chaplin Lake (Figure 5.3A). There was high variation in 

Chaplin Lake arrival dates (range = Julian day 134 to 159; i.e., May 13/14 to June 7/8). Arrival 

dates in Chaplin differed among Sanderling from different GOM trapping areas (see Table 

A.16), where individuals from North Padre arrived later (β = 10.3 ± 2.9, p = 0.002) than birds 

from Louisiana and Bolivar Flats (Figure 5.3B). We also found that Chaplin Lake arrival date 

influenced subsequent departure date (see Table A.17), with later arriving Sanderling also 

leaving later (β = 0.45 ± 0.12, p = 0.002; Figure 5.3C).
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Figure 5.3. Evidence for carry-over of 

migration pace in the Gulf of Mexico (GOM) 

to Chaplin Lake. (A) Chaplin lake arrival 

date was positively correlated with GOM 

departure date and was negatively influenced 

by travel time (n = 15). Dots indicate raw 

data points, and line indicates model-

predicted estimates for each of 2 travel time 

categories: slow (> 11 days; orange points) 

and fast (< 11 days; black points). (B) 

Chaplin Lake arrival dates differed among 

Sanderling from different GOM trapping 

areas. Shaded polygons represent the 

probability density of arrival (area under the 

curves = 1), and vertical lines show the 

median arrival date of individuals from each 

GOM trapping area. (C) Chaplin departure 

dates were positively correlated with Chaplin 

arrival dates. Dots indicate raw data points, 

and line indicates model-based estimates ± a 

95% confidence interval. Samples sizes in 

panels b and c: Bolivar Flats n = 6, Louisiana 

n = 4, North Padre n = 9. 
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 The best approximating model to explain variation in actual stopover duration in Chaplin 

Lake only included GOM trapping area as a fixed effect (see Table A.18). Individuals trapped in 

North Padre had the shortest stopover durations (β = -7.60 ± 2.08, p = 0.002). Models comparing 

actual and minimum stopover durations in Chaplin Lake suggested trapping area and year were 

important. Minimum stopover duration of Sanderling trapped in Chaplin Lake appeared longer 

than the actual stopover duration in North Padre (β = -4.57 ± 1.90, p = 0.02) but shorter than in 

Bolivar Flats (β = 4.80 ± 2.05, p = 0.02; Figure 5.4A). As in the GOM, we saw large variations 

in Sanderling departure dates from Chaplin Lake (range = Julian day 141 to 167; i.e., May 20/21 

to June 15/16; Figure 5.4B). Although year and trapping area were included in the top model for 

departure dates from Chaplin Lake (see Table A.19), neither had a significant effect. The 

minimum stopover duration of Saskatchewan-trapped birds was negatively correlated with mass 

at capture such that heavier birds again had shorter stays (β = -0.16 ± 0.04, p < 0.0001; Figure 

5.4C) and earlier departure dates (β = -0.13 ± 0.04, p = 0.0008; Figure 5.4D). This model 

correspondingly showed that minimum stopover durations were shorter in 2016 (β = -3.13 ± 

1.00, p = 0.003) and 2017 (β = -2.82 ± 1.11, p = 0.01) than in 2015 (see Table A.20 for model 

selection results). 
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Figure 5.4. Fuel loads affected Sanderling stopover and departure timing in Chaplin Lake, SK. 

(A) Stopover durations in Chaplin Lake varied among trapping areas. (B) There was variation in 

departure dates from Chaplin Lake. Shaded polygons represent to probability density of 

departure (area under the curves = 1), and vertical lines show the median departure date from 

each trapping area. (C) Minimum stopover duration in Chaplin Lake was negatively correlated 

with mass at capture. (D) Chaplin departure dates were negatively correlated with mass at 

capture. In panels C and D, dots indicate raw data points, and lines indicate model-based 

estimates ± a 95% confidence interval. Samples sizes: Bolivar Flats n = 6, Louisiana n = 4, North 

Padre n = 9, Chaplin Lake n = 117.  
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5.5 Discussion 

Given the logistical difficulties associated with tracking long-distance migrants, previous 

work has tended to study staging sites in isolation (e.g., Baker et al., 2004; Burger et al., 2007). 

Uniquely, our work traces individual long-distance migrants between staging sites separated by 

thousands of kilometers and links their migratory behaviour to the intrinsic factors that influence 

departure and arrival timing. The relationship between mass (i.e., fuel loads) and stopover 

durations and departure dates confirm that Sanderling fuel loads influence migration timing. As 

well, positive relationships between departure and arrival data suggests that individuals showing 

delays at one staging site continue to show delays at a subsequent staging site and do not “catch 

up”. Taken together, these results highlight the importance of identifying the quality of major 

refuelling sites and point to the possibility for long-term consequences if migrants are delayed at 

a single site during migration.  

We saw an association between fuel loads at capture and stopover and departure timing in 

the GOM and in Chaplin Lake, confirming that fuel stores consistently influenced Sanderling 

stopover durations and departure dates. Based on the slopes of these relationships, we can predict 

that a bird weighing 5 g less on the day of capture would depart 2 days later from the GOM and 

1 day later from Chaplin Lake. It is possible that Sanderling were attempting to reach a certain 

mass prior to departure for migration. Similarly, Red knots (Calidris canutus) are known to 

require a minimum mass threshold prior to departure, and attaining this threshold is associated 

with greater survival on migration and a higher reproductive output (Baker et al., 2004). Previous 

work has found that birds that depart later leave with higher fuel loads, which allows them to 

migrate faster (Deppe et al., 2015; Gómez et al., 2017; Warnock, 2010). However, later 

departures are often associated with lower body conditions and later arrivals at subsequent sites 

(Cooper et al., 2015; McKinnon et al., 2014; Ouwehand and Both, 2017). We were unable to 

recapture individuals at our trapping sites, and therefore the fuelling rates and departure fuel 

loads of our Sanderling are unknown (Bayly et al., 2012; Gómez et al., 2017). 

Sanderling, like other shorebird species, are expected to behave according to a time-

minimization migration strategy (Farmer and Weins, 1999; Gudmundsson et al., 1991; Jehl, 

1997; Lyons and Haig, 1995). Indeed, Sanderling are capable of extreme pre-migratory mass 

gains, putting on up to 70% of their lean body mass during a single stopover event (Robinson et 

al., 2003), and can overload (gain more fat than is needed to reach the next closest staging site) 
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in order to bypass lower-quality staging areas, which reduces the overall time spent on migration 

(Gudmundsson et al., 1991). As well, Sanderling travel faster, make longer flights, and have 

fewer stopovers during spring migration relative to autumn (Zhao et al., 2017), suggesting that 

this species is more time constrained during pre-breeding migration. The negative association 

between travel times and departure dates confirms that consistent with other arctic breeding 

species, Sanderling in this study were behaving according to a time-minimization migration 

strategy.  

Our results also suggest that some individuals exhibit alternative migratory behaviours 

and travel at a slower pace (Gómez et al., 2017). In particular, Sanderling trapped in North 

Padre, Texas, appear to use a migration strategy that is different than the strategy of individuals 

trapped in Louisiana and Bolivar Flats. On average, North Padre Sanderling departed from the 

GOM at the same time as birds from the other two areas. Although there were no statistically 

significant differences in travel times among GOM trapping areas, North Padre birds arrived 

latest in Chaplin Lake. These individuals appear to have compensated for later arrival by 

reducing their stopover duration, ultimately departing from Chaplin Lake at the same time as 

individuals from other trapping areas.  

A possible explanation for these differences is that a higher proportion of Sanderling 

trapped in North Padre were over-wintering at this site rather than in locations south of the 

GOM. Based on banding and feather isotope records, we have information that suggests that a 

proportion of the Chaplin Lake migrants are overwintering in the Texas Gulf Coast (Labarrere, 

2016). They may therefore take on a slightly different migration strategy as relatively shorter 

distance migrants. Variable migration strategies within and between avian populations have been 

observed previously (Ely and Meixell, 2016; Weimerskirch et al., 2015). Sites in the North Padre 

area are especially important Sanderling wintering areas (Withers, 2002), and our earliest GOM 

trapping dates were in North Padre (only individuals in North Padre were trapped before Julian 

day 113 (April 22/23)). Populations that migrate shorter distances between their breeding and 

wintering grounds tend to face fewer time constraints and have more flexible migration 

schedules than populations with longer migrations (Arlt et al., 2015). This would suggest that as 

relatively shorter distance migrants, North Padre birds could be less time constrained and take 

more circuitous routes to Chaplin Lake. Indeed, shorebird populations that make shorter distance 

flights typically have shorter stopover durations, which are associated with lower departure fuel 
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loads (Battley et al., 2012; Henkel and Taylor, 2015), whereas more time-minimizing individuals 

depart later, leave with higher fuel loads, and consequentially travel more rapidly on migration 

(Deppe et al., 2015; Gómez et al., 2017; Warnock et al., 2004).  

Sanderling detection data suggest that individuals that leave later from the GOM are also 

later in Chaplin Lake. Although based on only 15 GOM-tagged birds that staged in Chaplin 

Lake, we saw a strong positive association between GOM departures and Chaplin Lake arrivals. 

Therefore, birds departing later from the GOM arrived later in Chaplin Lake. This resulted in up 

to a 23-day span in arrival dates at the northern stopover. We also saw a strong positive 

association between Chaplin Lake arrival and departure dates, where later arrivals in Chaplin 

Lake were associated with later departures from this site. This provides early evidence that 

delays in migration could carry over from one staging site to the next. These carry-over effects 

have the potential to negatively impact Sanderling populations, particularly if individuals are 

behaving according to a time-minimization migration strategy, where birds leave on a certain 

date regardless of their condition (Both and Visser, 2001; Gill et al., 2001). However, it is 

important to consider that multiple factors influence the departure decisions of migratory birds. 

Departure fuel loads, refuelling rates, and departure dates are influenced by an individual’s age, 

sex, and arrival date, as well as the quality and availability of food during staging, and 

environmental factors, such as wind direction and precipitation (Atkinson et al., 2007; Covino et 

al., 2014; Jarjour et al., 2017). A major limitation of radio-telemetry data is that it is not possible 

to accurately determine an individual’s date of arrival. Therefore, differences in the total time 

spent refuelling are unknown. Another limitation was that we were unable to retrap individuals 

to estimate departure fuel loads, therefore we do not know the condition of birds at the time of 

departure. More research will be needed to fully characterize why some Sanderling were later 

than others.  

Finally, this research confirms the importance of the mid-continental flyways for 

Sanderling migration. Of the 120 Sanderling tagged in the GOM, 22 were detected in more 

northern sites, with 20 individuals (91%) detected in Saskatchewan, suggesting a strong 

connectivity between GOM and Saskatchewan staging areas. Band resight data corroborate the 

importance of the mid-continental flyways for Sanderling and suggest that most individuals 

staging in the Gulf Coast and migrating north through the Canadian Prairies overwinter in Chile 

and Peru (Myers et al., 1990). The percentage of birds tagged in the GOM and then detected in 
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more northern latitudes (18.3%) was lower than the recovery rates of previous studies using the 

Motus telemetry network (Gómez et al., 2017; Taylor et al., 2017) and was likely related to the 

small number of shorebird staging areas along the mid-continental flyways that are outfitted with 

Motus radio-telemetry receivers (Taylor et al., 2017). Further expansion of the Motus network 

and future advancements in tracking technology will aid in identifying key shorebird staging 

areas and determining avian migration routes along the mid-continental flyways. 

5.6 Conclusions 

Our study highlights the link between fuel loads and migration timing and provides early 

evidence that delays at one staging site can carry over to subsequent sites. These findings 

underscore the need to characterize the factors that impair avian pre-migratory fuelling and, 

ultimately, to identify the initial cause of migration delays. A significant cause of migration 

delays is reduced staging site quality. Staging site quality is closely linked to fuel deposition 

rates (Bayly et al., 2012) and consequentially affects stopover duration, departure fuel loads, and 

the subsequent pace of migration (Bayly et al., 2012; Gómez et al., 2017; Norris et al., 2004). 

Several factors can influence staging site quality and the ability of migrants to fuel. Reduced 

food availability, for instance, is a major issue for migrants and has been attributed to 

anthropogenic factors, like climate change (Both and Visser, 2001), habitat loss (Studds et al., 

2017), and the overharvesting of avian prey sources (Baker et al., 2004). Reduced food 

availability can limit fuel deposition and delay departure (Cooper et al., 2015) or cause 

individuals to leave underweight (Baker et al., 2004). Similarly, human disturbance and high 

predator abundance at staging sites can reduce and delay fuelling by flushing birds from a 

foraging area (Burger et al., 2007; Fransson and Weber, 1997). There is also evidence that 

staging site contamination by toxicants, such as pesticides, petroleum products, and persistent 

organic pollutants, can reduce migrant vitality and impair fat deposition (Bursian et al., 2017b; 

Eng et al., 2017; Harris and Elliott, 2011). Given the association between staging site quality, 

fuelling, migration pace, and migrant population dynamics, there is a vital need to identify and 

maintain the quality of stopover habitats used by long-distance migrants.  
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6 CHAPTER 6: GENERAL DISCUSSION
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6.1 Summary 

 The main hypothesis of this thesis was that PAH exposure can impair avian pre-

migratory fuelling. I focused on Sanderling (Calidris alba) as a model because of its long-

distance migratory behaviour, its extreme fuelling ability, and its ecological relevance. A 

controlled dosing experiment confirmed that dietary exposure to environmentally-relevant PAH 

concentrations and mixtures during staging lowered Sanderling pre-migratory mass gains 

(Chapter 2). To my knowledge, this study is the first to directly link PAH ingestion to impaired 

pre-migratory fuelling. More specific investigations into the mechanisms underlying this result 

suggested that PAHs impaired pre-migratory fat deposition by disrupting cholesterol and lipid 

homeostasis. Serum bile acids, which facilitate lipid absorption and digestion (Staels and 

Fonseca, 2009), were reduced with increasing PAH exposure (Chapter 2). As well, the hepatic 

mRNA expression of liver basic fatty acid binding protein 1 (Lbfabp), a lipid chaperone that 

enhances fatty acid uptake, transport, storage, and metabolism (Atshaves et al., 2010), and 

hepatic lipase (Lipc), an enzyme involved in lipid metabolism and uptake (Santamarina-Fojo et 

al., 2004), were reduced in PAH-dosed Sanderling relative to controls (Chapter 3).  

The results of the oral dosing study served as a foundation for broader investigations into 

effects that may occur in the field. I found early evidence that PAHs or other co-contaminants 

lower staging site quality for fuelling shorebirds (Chapter 4). At staging sites in Louisiana, which 

had the highest total sediment PAH concentrations, metabolite data suggested that Sanderling 

exhibited lower refuelling rates, and both Sanderling and Red knots (C. canutus) departed later 

from Louisiana compared to North Padre. However, the data suggested that other unmeasured 

factors (e.g., the presence of other co-contaminants) were also influencing departure dates from 

the study sites. Radio-telemetry data revealed an association between Sanderling fuel loads and 

migration pace (Chapter 5). Mass at capture was negatively correlated with Sanderling stopover 

durations and departure dates in the Gulf of Mexico and Chaplin Lake. Moreover, individuals 

that departed later from the Gulf of Mexico also arrived later and subsequently departed later 

from Saskatchewan. This work thus provided evidence that delays in migration carry over from 

one staging site to the next and that birds have a limited ability to “catch up”.  

This thesis highlights the risk of pollution to long-distance avian migrants that are 

extreme endurance athletes, capable of making non-stop flights of several thousand kilometers 

without access to supplementary food or water. Long distance migratory birds are currently 
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experiencing worldwide population declines (Holmes, 2007; Sanderson et al., 2006). Birds may 

experience higher risks of mortality on migration than during other parts of their life cycle 

(Newton, 2006; Sillett and Holmes, 2002), and migration delays may have unfavourable fitness 

consequences if they result in delayed arrival on the breeding grounds (Norris and Marra, 2007). 

It has therefore been suggested that migration could act as a bottleneck that limits migratory bird 

populations (Newton, 2006). Given the link between pre-migratory fuelling ability and avian 

population dynamics, identifying and understanding the factors that limit pre-migratory fat 

deposition represents a key research and conservation priority. 

6.2 Adverse outcome pathway development 

The objective of this chapter, and indeed the thesis as a whole, was to synthesize multiple 

datasets on how PAHs could affect avian pre-migratory fuelling by organizing events into a 

biologically plausible mode of action that is useful to avian ecotoxicological risk assessment. 

Specifically, I propose a putative adverse outcome pathway (AOP) linking the molecular 

mechanisms underlying pre-migratory fuelling impairment to the effects of impaired fuelling on 

migratory bird populations. Guidelines for AOP development and evaluation are outlined by the 

Organisation for Economic Co-operation and Development (OECD, 2018, 2017). As a general 

rule, AOPs start at a molecular initiating event (MIE), in which a toxicant interacts with a 

biological molecule, and proceeds to an adverse outcome (AO), an apical outcome that is 

relevant to risk assessment (Ankley et al., 2010; Villeneuve et al., 2014a; Vinken et al., 2017). 

MIEs and AOs are linked by key events (KEs) and key event relationships (KERs). A KE is a 

measurable biological change that is required for a MIE to progress to an AO (Villeneuve et al., 

2014a; Vinken et al., 2017). KERs provide directional associations that link together adjacent 

MIEs, KEs, and AOs (Groh et al., 2015; Villeneuve et al., 2014a; Vinken et al., 2017). Ideally, 

AOPs should not be chemical specific. Thus, any chemical that initiates a MIE can activate the 

subsequent procession of KEs and the AO (Villeneuve et al., 2014b). However, case studies 

limited to a single chemical can be submitted to the OECD AOP program with the goal of 

applying an AOP to a category of chemicals as new data is acquired (OECD, 2017). This thesis 

thus served as a case study that, along with existing data regarding PAH mechanisms of action 

and avian migration ecology, can be used for the development of a putative AOP linking PAH 

exposure to avian population declines.  
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In this chapter, I present a putative AOP linking PAH-induced molecular-level effects to 

impaired pre-migratory fat deposition, migration delays, and population declines (Figure 6.1). 

The progression from the MIE to individual-level effects is the most speculative section of the 

AOP (discussed in Section 6.2.1). This thesis focused on the AhR as a biologically plausible 

mediator of PAH-induced pre-migratory fuelling impairment. I predicted that AhR activation 

would lead to changes in lipid and cholesterol homeostasis (KE1), which lower pre-migratory 

mass gains (KE2). Conversely, the progression from individual- to population-level effects is 

well supported by data from this thesis and the literature (discussed in Section 6.2.2). This 

involves a progression from lower fuel loads (KE2), to migration delays (KE3) and late arrival 

on the breeding grounds (KE4) and then to lower reproductive success (KE5), and ultimately to 

population declines (AO). Each component of this putative AOP is discussed below in greater 

detail and in temporal sequence. Uncertainties are identified throughout to highlight areas that 

require further investigation. Possible alternative pathways for fuelling impairment and 

migration delays are also discussed (Section 6.2.3).  
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Figure 6.1 Schematic of a putative AOP linking PAH-mediated AhR activation to pre-migratory 

fuelling impairment and to the impact of impaired fuelling on migration timing and migratory 

bird populations. The molecular initiating event (MIE), intermediate key events (KE), and the 

adverse outcome (AO) are indicated. See Figure 6.4 for possible alternative or co-occurring 

pathways.  
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6.2.1 Biological cascade from MIE to impaired pre-migratory fuelling 

This thesis focused on AhR activation as one biologically plausible mediator of PAH-

induced pre-migratory fuelling impairment. PAHs are known AhR ligands (Denison and Nagy, 

2003; Head et al., 2015), and the observed increase in hepatic cytochrome P450 (Cyp) 1A4 

expression (Chapter 3) and hepatic ethoxyresorufin-O-deethylase (EROD) activity (Chapter 2) 

confirmed AhR activation in PAH-dosed Sanderling. Evidence from the literature supports the 

inclusion of AhR activation as a plausible MIE. In mice and rats, AhR activation causes hepatic 

steatosis, changes the lipid composition of the liver, increases peripheral fat mobilization, and 

inhibits β-oxidation and the secretion of very low-density lipoproteins (Angrish et al., 2012; Lee 

et al., 2010; Nault et al., 2017). Microarray experiments have shown that AhR agonism is 

responsible for a coordinated repression of the genes responsible for lipid and cholesterol 

homeostasis (Fader et al., 2017; Fletcher et al., 2005; Nault et al., 2017), including Lipc and 

Lbfabp (Nault et al., 2017), as well as Cyp7a1 (Fader et al., 2017; Fletcher et al., 2005; Iwano et 

al., 2006), the rate limiting enzyme in the metabolism of cholesterol to bile acids (Schonewille, 

2016). Interestingly, contrary to the results of this thesis, rodent studies typically report elevated 

serum bile acid concentrations following AhR induction (Brewster et al., 1988; Couture et al., 

1988; Fader et al., 2017; Gao et al., 2016), which is likely due to the concurrent repression of 

blood-to-hepatocyte transporters and induction of hepatocyte-to-blood transporters (Fader et al., 

2017; Fletcher et al., 2005). Further research is required in migratory bird species that can 

undergo rapid major increases in body mass in response to seasonal migratory cues to fully 

understand these interspecies differences.  

Captive dosing experiments measured changes in gene expression and higher order 

effects in the same individuals. Therefore, although this thesis had insufficient data to 

specifically and causally link AhR activation with later KEs in pre-migratory Sanderling, it was 

possible to map how gene expression changes were related to changes in Sanderling serum 

biochemistry, organ responses, and individual-level changes in mass. The correlative strength of 

associations among responses at different levels of biological organization were visualized using 

a Sankey diagram (created using R packages networkD3 (Allaire et al., 2017) and scales 

(Wickham, 2017); Figure 6.2). The Sankey diagram visualizes each variable as a rectangle 

(called a “node”), and nodes are joined together by lines (termed “paths”). To compare variables 

with dissimilar units, all results were rescaled to have a mean of zero and a standard deviation of  
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Figure 6.2. Sankey diagram showing the correlative strength of associations between gene 

expression, serum, and individual responses indicative of AhR activation, cholesterol 

homeostasis, lipid homeostasis pathways, and fuel loads in Sanderling orally dosed with 1260 

µg/kg bw/day of a commercial PAH mixture over a 21-day pre-migratory fuelling period. Node 

colours indicate response values, expressed as fold change from controls (range: 0 – 20 for 

changes in gene expression, 0 – 2.2 for changes serum analytes and mass). Darker reds indicate 

increases relative to controls, and darker blues indicate decreases relative to controls. Path 

colours indicate the correlation coefficient between variables: darker blues indicate a more 

negative correlation (closer to -1) and darker reds indicate a more positive correlation (closer to 

+1). Path widths are proportional to the strength of the correlation between variables. Boldface 

type indicates that there was a statistically significant change in a response following PAH 

dosing. Paths do not necessarily represent a direct biological association between variables.
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one. Variables were then grouped into three pathways (AhR activation, lipid homeostasis, and 

cholesterol homeostasis), and the correlation coefficients were calculated for adjacent variables 

in each pathway. The strength of these correlations is represented by path colours and widths. 

The Sankey diagram illustrates that there was a negative correlation between AhR-

mediated EROD activity and the expression of genes in the lipid and cholesterol homeostasis 

pathways. Elevated EROD activity was most strongly correlated with changes in Lbfabp, Lipc, 

and 3-hydroxy-3-methylglutaryl-coA (Hmgcr) hepatic mRNA expression (R2 = -0.40, -0.20, and 

-0.26, respectively). In the lipid homeostasis pathway, changes in hepatic Lbfabp and Lipc 

expression were weakly correlated (-0.09 < R2 < 0.13) with changes in the serum concentrations 

of triglyceride (TG), β-hydroxybutyrate (BOHB), lipase, and non-esterified fatty acids (NEFA), 

suggesting that these hepatic genes played little role in regulating the concentrations of these 

serum analytes. This is not surprising, given that TG, BOHB, and NEFA concentrations were not 

statistically altered by PAH treatments and that changes in serum lipase concentrations were not 

considered physiologically relevant (see Chapter 2). In the cholesterol homeostasis pathway, the 

strongest gene-serum analyte correlations were between Hmgcr expression and serum cholesterol 

(R2 = -0.30) and bile acid (R2 = 0.37) concentrations and between Cyp7b1 expression and serum 

cholesterol concentrations (R2 = -0.22). Hmgcr is the rate limiting enzyme in cholesterol 

biosynthesis, and Cyp7b1 is involved in the conversion of cholesterol to bile acids (Schonewille, 

2016). There is therefore a direct biological association among these variables. The negative 

correlation between Hmgcr mRNA expression and serum cholesterol concentrations is 

unexpected. It is expected that other, untested enzymes and/or transporters in the cholesterol 

homeostasis pathway could be affecting changes in these variables. Overall, no one pathway 

stands out as being most strongly correlated with changes in Sanderling mass. Serum TG, lipase, 

and bile acid concentrations showed the strongest positive correlations with Sanderling mass (R2 

= 0.26, 0.27, and 0.24, respectively), while BOHB showed the strongest negative correlation 

with Sanderling mass (R2 = -0.30). Several interrelated physiological pathways are likely 

responsible for the effects observed in dosed individuals, and this would be an interesting area 

for further AOP network development.  
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6.2.2 Reduced pre-migratory mass gains leading to population declines 

The data from Chapters 2, 4, and 5 provide a preliminary link between PAH ingestion, 

reduced mass gains during staging, and migration delays. The correlative strength of associations 

between Sanderling fuel loads in the Gulf of Mexico, departure dates from the Gulf of Mexico, 

arrival dates in Chaplin Lake, and subsequent departure dates from Chaplin Lake can also be 

visualized using a Sankey diagram (Figure 6.3). Here, correlations among organismal and 

population responses grew stronger over time, with Chaplin Lake arrivals and departures 

showing the strongest association (R2 = 0.50).  

The relationship among fuel loads, departure dates, and migration pace has been 

documented previously in a variety of long-distance migratory bird species (e.g., Grey-cheeked 

thrush, Catharus minimus, (Gómez et al., 2017); American Redstart, Setophaga ruticilla (Cooper 

et al., 2015); Hermit thrush, Catharus guttatus, (Smith and Mcwilliams, 2014), Red knots (Baker 

et al., 2004)). In the captive dosing study, Sanderling in the high dose group gained 4.4 ± 3.7 g 

less than controls1 (Chapter 2). Using model-based estimates, we can predict that an individual 

Sanderling weighing 5 g less on the day of capture would depart approximately 2 days later from 

the Gulf of Mexico, would then arrive 1.5 days later in Saskatchewan, and would subsequently 

depart 16 hours later toward its arctic breeding grounds. These knock on effects suggest that 

contaminants like PAHs could have a direct and measurable effect on an individual’s migration 

pace.  (Lindberg, 2000) 

The progression of events from changes in fuelling rates and fuel loads to effects on 

reproductive success and avian populations is supported by a body of avian ecological research 

in numerous migratory bird species. Lower fuelling rates and departure fuel loads are associated 

with delays in departure from wintering and staging sites, later arrivals on the breeding grounds, 

and ultimately lower reproductive success (Cooper et al., 2015; Deppe et al., 2015; Dossman et 

al., 2016; Goymann et al., 2010; Norris et al., 2004; Schmaljohann and Naef-Daenzer, 2011). 

This is because birds that arrive later on the breeding grounds have less access to higher quality  

 

1 Sanderling in the control and high dose groups weighed 73.2 ± 2.7 and 68.8 ± 2.6 g, 

respectively, at the end of the 21-day captive dosing experiment. Standard error for the 

difference in mass was calculated using the error propagation formula: δR = ((δX)2 + (δY)2)1/2 

(Lindberg, 2000). δR = uncertainty in the difference in mass, δX = standard error of the mean 

control group mass, δY = standard error of the mean high dose group mass.  
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Figure 6.3. Sankey diagram showing the correlative strength of associations between Sanderling 

mass at capture, departure date from the Gulf of Mexico, and staging duration in Chaplin Lake. 

Path colour represents the strength and direction of correlations among variables, with darker 

shades of blue and red showing more negative (closer to -0.5) and positive (closer to 0.5) 

correlations, respectively.
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territories and mates (Smith and Moore, 2005). Later arriving individuals exhibit later breeding, 

which is associated with smaller clutches and offspring relative to birds that arrive earlier (Norris 

et al., 2004; Smith and Moore, 2005). Later individuals also have less time for renesting or to 

produce a second brood (Cooper et al., 2010; Smith and Moore, 2005) and have a lower 

probability of extra-pair mating success or polygyny (Canal et al., 2012; Cooper et al., 2010; 

Reudink et al., 2009). As a result, migration delays are linked to population declines migratory 

birds (Baker et al., 2004; Lee et al., 2011; Newton, 2006).  

6.2.3 Possible alternative pathways and areas for future investigation 

This chapter shows how sublethal PAH ingestion can be linked to impaired pre-migratory 

fuelling, migration delays, and population declines. I focused on linking a single MIE (AhR 

activation) to a single AO. However, several interacting physiological pathways are likely 

responsible for the effects observed in exposed individuals. One of the advantages of AOPs is 

that they are a pragmatic simplification of biology. Interrelated effects and pathways are 

described by AOP networks, which are a combination of two or more AOPs that share at least 

one KE (OECD, 2018; Villeneuve et al., 2014b; Vinken, 2013; Vinken et al., 2017). In this 

section, I discuss biologically plausible alternative and interacting pathways linking PAH 

exposure to population declines in migratory birds. Figure 6.4 shows how these pathways might 

be linked in a hypothetical AOP network. 
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Figure 6.4. Hypothetical AOP network linking PAH exposure to population declines via a series 

of possible interrelated MIEs and KEs at the molecular- and organism-level. Blue roman 

numerals identify the alternative or co-occurring pathways discussed in the text. 
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Figure 6.4 shows four possible alternative or co-occurring pathways linking PAH 

exposure to a declining population trajectory in migratory birds. First, it is possible that PAH 

exposure initiated other MIEs (pathway I). PAH exposure is known to affect a multitude of cell 

signalling pathways beyond those controlled by the AhR (Yanyan Zhang et al., 2016). Many of 

these pathways could have mediated effects observed at the whole organism-level. For example, 

the peroxisome proliferator-activated receptor (PPAR), AMP-activated protein kinase (AMPK), 

and mitogen-activated protein kinase (MAPK) signalling pathways are also stimulated by PAH 

exposure (Yanyan Zhang et al., 2016) and are important regulators of lipid and cholesterol 

levels, body fat distribution, and overall body mass (Anderson, 2006; Bost et al., 2005; Gehart et 

al., 2010; Harrington et al., 2007; Long and Zierath, 2006; Srivastava et al., 2012; Tyagi et al., 

2011).  

A second alternative or co-occurring pathway is for impaired pre-migratory fuelling to 

directly impact the survival of migratory birds (pathway II). Birds that do not acquire enough 

food prior to departure can die from starvation on migration (Newton, 2006) or when poor 

weather conditions or low food availability are encountered at a bird’s destination (Marcstrom 

and Mascher, 1979; Morrison, 1975). Birds weakened by starvation are also more vulnerable to 

predation (Bijlsma, 1990).  

Pathways III and IV are hypothesized to occur following PAH-induced oxidative stress. 

PAH metabolism often involves the biotransformation of these compounds to reactive 

metabolites, such as epoxides and quinones. Reactive metabolites can bind to macromolecules, 

such as DNA, lipids, and proteins, disrupting cellular homeostasis and damaging the affected 

tissues (Abdel-Shafy and Mansour, 2016; Bhattacharyya et al., 2014). PAH ingestion and 

metabolism in the gut has previously been shown to cause intestinal damage and lower nutrient 

absorption in mammals (Bhattacharyya et al., 2014; Diggs et al., 2011; Ribiere et al., 2016). 

Similar processes in pre-migratory birds could directly impair pre-migratory fuelling. The 

captive dosing experiment (Chapter 2) and studies in fish species (e.g., sockeye salmon, 

Oncorhynchus nerka (Alderman et al., 2017a) and zebrafish (Lucas et al., 2016)) show that PAH 

ingestion can also cause muscle damage. Flight and cardiac muscle damage has the potential to 

lower migratory flight performance (Alderman et al., 2017b; Jenni-Eiermann et al., 2014) and to 

increase settling times (the time between arrival and the initation of fuelling; Guglielmo et al., 
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2001), which would prolong an individual’s staging duration and slow its overall migration pace 

(Hedenström and Alerstam, 1997).  

Although this thesis did not directly investigate pathways III and IV, I could test the 

correlative strength of associations between biomarkers of AhR activation, oxidative stress, 

muscle damage, and fuel loads using data from the captive dosing experiment (visualized using a 

Sankey diagram; Figure 6.5). EROD activity was negatively correlated with glutathione-s-

transferase (Gstm3) mRNA expression (R2 = -0.36). Lower Gstm3 mRNA expression in the liver 

was correlated with reduced fuel loads (R2 = 0.39) and with greater muscle damage (R2 = -0.22). 

Alternatively, Gpx3 expression was weakly correlated with EROD activity and serum creatine 

kinase concentrations (R2 < 0.08) and was negatively correlated with mass (R2 = -0.20). There is 

thus preliminary evidence that different antioxidant enzymes may be dissimilarly affected by 

chronic AhR activation and that changes in their levels of expression could contribute to reduced 

fuelling and tissue damage. More research is needed to fully understand how PAH-induced 

oxidative stress might contribute to tissue damage and affect pre-migratory birds.  
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Figure 6.5. Sankey diagram showing the correlative strength of associations between gene 

expression, serum, and individual responses indicative of AhR activation, oxidative stress, 

muscle damage, and fuel loads in Sanderling orally dosed with 1260 µg/kg bw/day of a 

commercial PAH mixture over a 21-day pre-migratory fuelling period. Node colours indicate 

response values, expressed as fold change from controls (range: 0 – 20 for changes in gene 

expression, 0 – 2.2 for changes serum analytes and mass). Darker reds indicate increases relative 

to controls, and darker blues indicate decreases relative to controls. Path colours indicate the 

correlation coefficient between variables: darker blues indicate a more negative correlation 

(closer to -1) and darker reds indicate a more positive correlation (closer to +1). Path widths are 

proportional to the strength of the correlation between variables. Boldface type indicates that 

there was a statistically significant change in a response following PAH dosing. Paths do not 

necessarily represent a direct biological association between variables.
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It is important to note that the captive experiments were performed during Sanderling’s 

autumn pre-migratory fuelling period, whereas field measurements were taken in spring-

migrating Sanderling. Northward, spring migrants are typically under greater time constraints 

than autumn migrants (Hedenström and Alerstam, 1997; Nilsson et al., 2013; Zhao et al., 2017). 

As well, the hormonal regulation of pre-migratory fuelling differs in spring and autumn migrants 

(Cornelius et al., 2012). Therefore, separate AOPs may be necessary to describe potential 

seasonal differences in the toxicology of avian migration. However, seasonal differences in 

xenobiotic metabolism and toxicities in migratory birds are generally not well understood and 

this research provides an important step in interpreting this novel area of ecotoxicology. Fully 

understanding the numerous, interacting signalling cascades responsible for PAH-induced pre-

migratory fuelling impairment and the subsequent consequences of reduced pre-migratory mass 

gains will require further research and would strengthen the hypothesized AOP network. 

6.4 Conclusions 

 Long-distance migratory birds are currently experiencing population declines globally 

(Holmes, 2007; Sanderson et al., 2006; Zockler et al., 2003), and both impaired pre-migratory 

fuelling (Baker et al., 2004) and staging site oil pollution (Bursian et al., 2017a; Henkel et al., 

2012) have been identified as important factors contributing to these declines. There is therefore 

an urgent need to directly assess and characterize the impacts of PAH exposure on pre-migratory 

birds. Fully understanding how PAHs affect pre-migratory fuelling, and ultimately avian 

populations, requires a mechanistic approach that links molecular-level events to adverse 

outcomes at the population-level. By organizing the data of preceding chapters and existing 

knowledge into a progression of toxicity events, we can gain a better understanding of how 

PAHs and other toxicants with similar mechanisms of action can affect avian populations. This 

work will help to inform avian ecotoxicological risk assessments and efforts to improve the 

conservation of long-distance migratory birds. 
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Table A.1. Model selection results for linear mixed effects models to explain variation in EROD 

activity of Sanderling orally exposed to 0 (n = 12), 12.6 (n = 12), 126 (n = 12), or 1260 (n = 13) 

μg/kg-bw/day of a commercial PAH mixture for 21 days.  

EROD activity models k1 AICc2 ΔAICc3 w4 Evidence 
ratio5 

Intercept only (null) 3 93.2 0.0 0.3744 1.00 

Treatment 6 93.4 0.2 0.3342 1.12 

Sex 4 94.9 1.8 0.1544 2.42 
Treatment + Sex 7 95.4 2.2 0.1257 2.98 

Treatment + Sex + Treatment*Sex 10 102.9 9.8 0.0028 133.71 

Treatment + Treatment*Sex 10 102.9 9.8 0.0028 133.71 
Sex + Treatment*Sex 10 102.9 9.8 0.0028 133.71 

Treatment*Sex 10 102.9 9.8 0.0028 133.71 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.2. Model selection results for linear mixed effects models to explain variation in liver 

lipid content and hepatosomatic index (HSI) of Sanderling orally exposed to 0 (n = 12), 12.6 (n = 

12), 126 (n = 12), or 1260 (n = 13) μg/kg-bw/day of a commercial PAH mixture for 21 days.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Liver lipid content Intercept only (null) 3 69.1 0.0 0.288 1.00 

 EROD 4 69.9 0.7 0.199 1.45 

 Sex 4 70.6 1.5 0.137 2.10 

 EROD + Sex 5 71.3 2.1 0.099 2.91 
 EROD + EROD*Sex 5 71.3 2.1 0.099 2.91 

 EROD*Sex 5 71.3 2.1 0.099 2.91 

 EROD + Sex + EROD*Sex 6 73.1 4.0 0.039 7.38 
 Sex + EROD*Sex 6 73.1 4.0 0.039 7.38 

HSI Intercept only (null) 3 -14.8 0.0 0.511 1.00 

 Sex 4 -12.6 2.2 0.171 2.99 

 EROD 4 -12.3 2.4 0.152 3.36 
 EROD + Sex 5 -10.0 4.7 0.048 10.65 

 EROD*Sex 5 -10.0 4.8 0.046 11.11 

 EROD + EROD*Sex 5 -10.0 4.8 0.046 11.11 
 Sex + EROD*Sex 6 -7.4 7.3 0.013 39.31 

 EROD + Sex + EROD*Sex 6 -7.4 7.3 0.013 39.31 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.3. Model selection results for linear mixed effects models to explain variation in serum 

analytes of Sanderling orally exposed to 0 (n = 12), 12.6 (n = 12), 126 (n = 12), or 1260 (n = 13) 

μg/kg-bw/day of a commercial PAH mixture for 21 days.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 
ratio5 

AST Intercept only (null) 5 94.0 0.0 0.539 1.00 

 Sex 6 96.3 2.3 0.175 3.08 

 EROD 6 96.7 2.6 0.145 3.72 
 EROD + Sex 7 99.1 5.1 0.043 12.53 

 EROD*Sex 7 99.3 5.3 0.038 14.18 

 EROD + EROD*Sex 7 99.3 5.3 0.038 14.18 
 Sex + EROD*Sex 8 101.8 7.8 0.011 49.00 

 EROD + Sex + EROD*Sex 8 101.8 7.8 0.011 49.00 

Bile acid EROD 7 401.4 0.0 0.272 1.00 

 EROD + Sex 8 401.8 0.4 0.218 1.25 
 Intercept only (null) 6 402.5 1.1 0.156 1.74 

 Sex 7 402.5 1.2 0.152 1.79 

 EROD*Sex 8 404.4 3.0 0.060 4.53 
 EROD + EROD*Sex 8 404.4 3.0 0.060 4.53 

 Sex + EROD*Sex 9 405.1 3.8 0.041 6.63 

 EROD + Sex + EROD*Sex 9 405.1 3.8 0.041 6.63 

β-hydroxybutyrate Intercept only (null) 5 67.9 0.0 0.506 1.00 
 Sex 6 69.5 1.6 0.230 2.20 

 EROD 6 70.7 2.8 0.128 3.95 

 EROD + Sex 7 72.4 4.5 0.053 9.55 
 EROD + EROD *Sex 7 73.6 5.7 0.030 16.87 

 EROD*Sex 7 73.6 5.7 0.030 16.87 

 Sex + EROD*Sex 8 75.4 7.5 0.012 42.17 

 EROD + Sex + EROD*Sex 8 75.4 7.5 0.012 42.17 

Cholesterol Intercept only (null) 4 216.3 0.0 0.437 1.00 

 Sex 5 218.1 1.8 0.175 2.50 

 EROD 5 218.1 1.8 0.174 2.51 
 EROD + Sex 6 220.1 3.9 0.063 6.94 

 EROD + EROD*Sex 6 220.4 4.2 0.055 7.95 

 EROD*Sex 6 220.4 4.2 0.055 7.95 

 Sex + EROD*Sex 7 222.4 6.1 0.020 21.85 
 EROD + Sex + EROD*Sex 7 222.4 6.1 0.020 21.85 

Creatine kinase EROD 6 90.2 0.0 0.5576 1.00 

 Intercept only (null) 5 92.8 2.6 0.1546 3.61 
 EROD*Sex 7 93.8 3.6 0.0931 5.99 

 EROD + EROD*Sex 7 93.8 3.6 0.0931 5.99 

 EROD + Sex 7 94.7 4.4 0.0611 9.13 

 Sex 6 96.8 6.5 0.0211 26.43 
 EROD + Sex + EROD*Sex 8 98.3 8.1 0.0097 57.48 

 Sex + EROD*Sex 8 98.3 8.1 0.0097 57.48 

Table A.3 continued on next page. 
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Table A.3 continued 

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Glucose Intercept only (null) 4 202.9 0.0 0.428 1.00 
 Sex 5 204.4 1.4 0.207 2.07 

 EROD 5 205.0 2.0 0.154 2.78 

 EROD + Sex 6 206.6 3.7 0.067 6.39 

 EROD + EROD*Sex 6 207.3 4.4 0.048 8.92 
 EROD*Sex 6 207.3 4.4 0.048 8.92 

 Sex + EROD*Sex 7 208.7 5.8 0.024 17.83 

 EROD + Sex + EROD*Sex 7 208.7 5.8 0.024 17.83 

GGT Intercept only (null) 5 87.7 0.0 0.457 1.00 

 EROD 6 89.6 1.9 0.175 2.61 

 Sex 6 89.7 2.0 0.170 2.69 

 EROD + Sex 7 91.7 4.0 0.063 7.25 
 EROD + EROD*Sex 7 92.1 4.4 0.050 9.14 

 EROD*Sex 7 92.1 4.4 0.050 9.14 

 EROD + Sex + EROD*Sex 8 94.2 6.5 0.018 25.39 
 Sex + EROD*Sex 8 94.2 6.5 0.018 25.39 

Hematocrit Intercept only (null) 5 634.0 0.0 0.469 1.00 

 EROD  6 635.7 1.7 0.201 2.33 

 Sex 6 636.4 2.4 0.138 3.40 
 EROD + EROD*Sex 7 638.2 4.3 0.056 8.38 

 EROD*Sex 7 638.2 4.3 0.056 8.38 

 EROD + Sex 7 638.3 4.3 0.054 8.69 
 Sex + EROD*Sex 8 641.2 7.2 0.013 36.08 

 EROD + Sex + EROD*Sex 8 641.2 7.2 0.013 36.08 

Lipase Sex 6 706.4 0.0 0.181 1.00 

 EROD + Sex + EROD*Sex 8 706.5 0.1 0.173 1.05 
 Sex + EROD*Sex 8 706.5 0.1 0.173 1.05 

 Intercept only (null) 5 706.5 0.1 0.171 1.06 

 EROD 6 708.0 1.6 0.082 2.21 
 EROD + Sex 7 708.2 1.8 0.074 2.45 

 EROD + EROD*Sex 7 708.2 1.8 0.073 2.48 

 EROD*Sex 7 708.2 1.8 0.073 2.48 

NEFA EROD 6 14.3 0.0 0.329 1.00 
 Intercept only (null) 5 14.8 0.5 0.254 1.30 

 EROD + EROD*Sex 7 16.4 2.1 0.114 2.89 

 EROD*Sex 7 16.4 2.1 0.114 2.89 
 EROD + Sex 7 17.2 2.9 0.077 4.27 

 Sex 6 17.5 3.2 0.065 5.06 

 EROD + Sex + EROD*Sex 8 19.5 5.3 0.024 13.71 

 Sex + EROD*Sex 8 19.5 5.3 0.024 13.71 

Table A.3 continued on next page. 
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Table A.3 continued 

Triglyceride Intercept only (null) 5 47.8 0.0 0.5673 1.00 

 Sex 6 50.3 2.5 0.1643 3.45 
 EROD 6 50.5 2.7 0.1446 3.92 

 EROD + Sex 7 53.1 5.4 0.0389 14.58 

 EROD*Sex 7 53.4 5.6 0.0342 16.59 
 EROD + EROD*Sex 7 53.4 5.6 0.0342 16.59 

 Sex + EROD*Sex 8 56.2 8.5 0.0083 68.35 

 EROD + Sex + EROD*Sex 8 56.2 8.5 0.0083 68.35 

Uric acid EROD 6 169.5 0.0 0.334 1.00 
 Intercept only (null) 5 170.4 0.9 0.213 1.57 

 EROD + EROD*Sex 7 171.5 2.0 0.126 2.65 

 EROD*Sex 7 171.5 2.0 0.126 2.65 
 EROD + Sex 7 172.2 2.7 0.087 3.84 

 Sex 6 173.0 3.5 0.057 5.86 

 EROD + Sex + EROD*Sex 8 174.4 4.9 0.029 11.52 
 Sex + EROD*Sex 8 174.4 4.9 0.029 11.52 

1k: number of estimated parameters in the model 
2AICc: Akaike’s Information Criterion corrected for small sample sizes 
3ΔAICc: difference from AICc of the best-approximating model 
4w: AICc weight 
5Evidence ratio = w of the best supported model / w of model  

AST: aspartate aminotransferase, GGT: gamma glutamyl transferase, NEFA: non-esterified fatty acid 
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Table A.4. Factor loadings of the first three principal components (PC) of a principal component 

analysis of serum analytes measured in Sanderling exposed to 0 (n = 12), 12.6 (n = 12), 126 (n = 

12), or 1260 (n = 13) μg/kg-bw/day of a commercial PAH mixture for 21 days.  

Response 

Principal components 

PC1 PC2 PC3 

AST -0.0068 -0.31 -0.00063 

Bile acid 0.45 -0.12 -0.068 
BOHB -0.41 -0.26 -0.19 

Cholesterol 0.032 -0.52 0.035 

CK -0.093 -0.40 0.041 
Glucose 0.28 -0.083 -0.0089 

GGT 0.18 -0.25 -0.53 

Hematocrit -0.051 0.29 -0.43 
Lipase 0.066 -0.42 0.41 

NEFA -0.28 -0.25 -0.46 

TG 0.43 -0.081 -0.34 

Uric Acid 0.48 -0.00087 0.034 

Abbreviations: AST = aspartate aminotransferase, BOHB = β-hydroxybutyrate, CK = creatine 

kinase, GGT = gamma-glutamyl transferase, NEFA = non-esterified fatty acid, TG = triglyceride 
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Figure A.1. Relationship among serum analytes in Sanderling orally exposed to 0 (Control, 

white squares), 12.6 (Low, light grey circles), 126 (Medium, dark grey triangles), or 1260 (High, 

black diamonds) μg/kg-bw/day of a commercial PAH mixture for 21 days. Serum analytes are 

projected onto the first three principal component axes (PC1, PC2, and PC3) of a principal 

component analysis, where PC1, PC2, and PC3 explain 29.5, 13.7, and 10.7% of the variance 

among variables, respectively. AST: aspartate aminotransferase, BOHB: β-hydroxybutyrate, CK: 

creatine kinase, GGT: gamma glutamyl transferase, Hct: hematocrit, NEFA: non-esterified fatty 

acid, TG: triglyceride, UA: uric acid.  
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Table A.5. Model selection results for linear mixed effects models to explain variation in values 

along principal component (PC) axis 1, PC2, and PC3 of a principal component analysis (PCA) 

describing the relationship among serum analytes in Sanderling orally exposed to 0 (n = 12), 

12.6 (n = 12), 126 (n = 12), or 1260 (n = 13) μg/kg-bw/day of a commercial PAH mixture for 21 

days.  

Response Model structure k1 AICc2 ΔAICc3 w4 
Evidence 

ratio5 

PC1 Intercept only (null) 4 164.1 0.0 0.436 1.00 

 Sex 5 166.4 2.4 0.134 3.25 
 EROD 5 166.5 2.4 0.132 3.30 

 EROD + EROD*Sex 6 166.5 2.9 0.104 4.19 

 EROD*Sex 6 166.9 2.9 0.104 4.19 

 EROD + Sex 6 169.0 4.9 0.037 11.78 
 EROD + Sex + EROD*Sex 7 169.6 5.6 0.027 16.15 

 Sex + EROD*Sex 7 169.6 5.6 0.027 16.15 

PC2 EROD 5 134.2 0.0 0.369 1.00 
 Intercept only (null) 4 135.1 0.8 0.241 1.53 

 EROD + EROD*Sex 6 137.0 2.7 0.094 3.93 

 EROD*Sex 6 137.0 2.7 0.094 3.93 

 EROD + Sex 6 137.0 2.8 0.093 3.97 
 Sex 5 137.7 3.4 0.066 5.59 

 Sex + EROD*Sex 7 139.9 5.7 0.022 16.77 

 EROD + Sex + EROD*Sex 7 139.9 5.7 0.022 16.77 

PC3 Intercept only (null) 4 125.6 0.0 0.514 1.00 

 Sex 5 127.9 2.2 0.169 3.04 

 EROD 5 128.0 2.3 0.159 3.23 

 EROD + Sex 6 130.3 4.7 0.049 10.49 
 EROD + EROD*Sex 6 130.6 5.0 0.043 11.95 

 EROD*Sex 6 130.6 5.0 0.043 11.95 

 EROD + Sex + EROD*Sex 7 133.2 7.5 0.012 42.83 
 Sex + EROD*Sex 7 133.2 7.5 0.012 42.83 

1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.6. Model selection results for linear mixed effects models to explain the variation in 

hepatic expression of 9 target genes in Sanderling orally exposed to 0, 12.6, 126, or 1260 μg/kg-

bw/day of a commercial PAH mixture for 21 days. The global model included the fixed effect of 

treatment plus the random effects of cohort and sampling time.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

CYP1A4 Intercept only (null) 4 139.1 0.0 0.70 1.00 

 Treatment 7 140.8 1.7 0.30 2.33 

CYP7B1 Intercept only (null) 

Treatment 

4 

7 

45.9 

52.4 

0.0 

6.6 

0.96 

0.04 

1.00 

24.0 

GPX3 Intercept only (null) 
Treatment 

4 
7 

142.9 
149.1 

0.0 
6.2 

0.96 
0.04 

1.00 
24.0 

GSTM3 Intercept only (null) 

Treatment 

4 

7 

41.4 

43.7 

0.0 

2.3 

0.76 

0.24 

1.00 

3.17 

HMGCR Intercept only (null) 
Treatment 

4 
7 

128.7 
133.4 

0.0 
4.6 

0.91 
0.09 

1.00 
10.1 

LBFABP Treatment 

Intercept only (null) 

7 

4 

144.9 

145.1 

0.0 

0.3 

0.53 

0.47 

1.00 

1.13 

LIPC Treatment 
Intercept only (null) 

7 
4 

125.4 
129.6 

0.0 
4.2 

0.89 
0.11 

1.00 
8.09 

SLCO1A2 Intercept only (null) 

Treatment 

4 

7 

112.5 

119.1 

0.0 

6.6 

0.97 

0.04 

1.00 

24.3 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  

Abbreviations: CYP1A4 = cytochrome P450 1A4, CYP7B1 = cytochrome P450 7B1, GPX3 = 

glutathione peroxidase 3, GSTM3 = glutathione S-transferase 3, HMGCR = 3-hydroxy-3-

methylglutaryl-coenzyme A reductase, LBFABP = liver basic fatty acid binding protein 1, LIPC 

= hepatic lipase, SLCO1A2 = solute carrier organic anion transporter family, member 1A2 
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Table A.7. Model selection results for linear mixed effects models to explain differences in mass 

among Gulf of Mexico staging areas. Global model included the fixed effects of staging area, 

year, and age, plus the random effect of capture date and handling time. 

Response  Species Fixed effects k1 AICc2 ΔAICc3 w4 
Evidence 

ratio5 

Mass Sanderling year 6 -184.1 0.0 0.900 1.00 

  intercept only (null) 4 -178.6 5.5 0.056 16.1 

  year + age 8 -177.9 6.3 0.039 23.1 
  age 6 -172.3 11.9 0.002 450 

  area + year 8 -171.1 13.0 0.001 900 

  area 6 -168.6 15.6 <0.001 >900 
  area + year + age 10 -165.1 19.1 <0.001 >900 

  area + age 8 -162.2 21.9 <0.001 >900 

 Red knot area + year + age 8 244.2 0.0 0.690 1.00 

  year + age 7 246.6 2.4 0.204 3.38 
  area + age 7 248.5 4.3 0.079 8.73 

  age 6 250.7 6.5 0.027 25.6 

  area + year 6 265.2 21.1 <0.001 >690 
  year 5 268.2 24.0 <0.001 >690 

  area 5 271.4 27.3 <0.001 >690 

  intercept only (null) 4 275.2 31.1 <0.001 >690 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model   
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Table A.8. Model selection results for linear mixed effects models to explain differences in 

plasma metabolites and fattening index among Gulf of Mexico staging areas. Global models 

included the fixed effects of staging area, year, and age, plus the random effects of capture date, 

capture time, and handling time.   

Response  Species Fixed effects k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

TG Sanderling intercept only (null) 5 59.1 0.0 0.789 1.00 
  year 6 62.7 3.6 0.132 5.98 

  area 7 65.3 6.2 0.036 21.9 

  age 7 65.9 6.8 0.027 29.2 
  area + year 8 67.6 8.5 0.011 71.7 

  year + age 8 69.6 10.5 0.004 197 

  area + age 9 72.4 13.3 0.001 789 

  area + year + age 10 75.0 15.9 <0.001 >789 

 Red knot intercept only (null) 5 18.0 0.0 0.648 1.00 

  year 6 20.8 2.8 0.159 4.08 

  area 6 20.9 2.9 0.149 4.35 
  area + year 7 25.0 7.0 0.019 34.1 

  age 7 25.2 7.2 0.018 36.0 

  area + age 8 28.8 10.8 0.003 216 

  year + age 8 28.9 10.9 0.003 216 
  area + year + age 9 33.6 15.6 <0.001 >648 

BOHB Sanderling year 6 84.8 0.0 0.569 1.00 

  intercept only (null) 5 86.6 1.8 0.236 2.41 
  area + year 8 88.9 4.0 0.076 7.49 

  year+ age 8 89.0 4.2 0.070 8.13 

  age 7 90.9 6.0 0.028 20.3 

  area 7 92.2 7.3 0.015 37.9 
  area + year + age 10 93.9 9.0 0.006 94.8 

  area + age 9 96.9 12.1 0.001 569 

 Red knot intercept only (null) 5 47.4 0.0 0.676 1.00 

  year 6 49.9 2.5 0.196 3.45 
  area 6 51.8 4.4 0.074 9.14 

  age 7 53.7 6.3 0.029 23.3 

  area + year 7 54.9 7.5 0.016 42.3 
  year + age 8 56.7 9.3 0.007 96.6 

  area + age 8 58.4 11.0 0.003 225 

  area + year + age 9 62.4 15.0 <0.001 >676 

 

Table A.8 continued on next page. 
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Table A.8 continued 

Response  Species Fixed effects k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

UA Sanderling intercept only (null) 5 35.3 0.0 0.680 1.00 

  year 6 37.1 1.7 0.286 2.38 
  age 7 42.7 7.4 0.017 40.0 

  area 7 43.8 8.5 0.010 68.0 

  year + age 8 44.6 9.3 0.007 97.1 
  area + year 8 47.6 12.3 0.001 680 

  area + age 9 51.4 16.1 <0.001 >680 

  area + year + age 10 55.3 20.0 <0.001 >680 

 Red knot intercept only (null) 5 19.3 0.0 0.489 1.00 
  year 6 20.2 0.9 0.311 1.57 

  area 6 22.3 3.0 0.108 4.53 

  age 7 24.0 4.7 0.046 10.6 
  area + year 7 25.1 5.8 0.028 17.5 

  year + age 8 26.7 7.4 0.012 40.8 

  area + age 8 28.2 9.0 0.006 81.5 
  area + year + age 9 32.6 13.3 <0.001 >489 

FI Sanderling area + year 8 175.0 0.0 0.370 1.00 

  year 6 175.7 0.7 0.262 1.41 

  intercept only (null) 5 177.2 2.2 0.125 2.96 
  area + year + age 10 178.3 3.3 0.071 5.21 

  year + age 8 178.4 3.3 0.069 5.36 

  area 7 178.6 3.6 0.060 6.17 
  age 7 180.0 5.0 0.030 12.3 

  area + age 9 181.8 6.8 0.012 30.8 

 Red knot intercept only (null) 5 77.0 0.0 0.340 1.00 

  area 6 77.6 0.6 0.247 1.38 
  year 6 78.8 1.8 0.137 2.48 

  age 7 79.0 2.0 0.125 2.72 

  area + age 8 80.5 3.5 0.059 5.76 
  area + year 7 81.0 4.0 0.046 7.39 

  year + age 8 81.4 4.4 0.038 8.95 

  area + year + age 9 84.3 7.3 0.009 37.8 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 

Abbreviations: TG = triglyceride, BOHB = β-hydroxybutyrate, UA = uric acid, FI = fattening 

index 
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Table A.9. Model selection results for linear mixed models to compare Sanderling and Red knot 

departure dates at different Gulf of Mexico staging areas. Global model included the fixed 

effects of species, staging area, and year.   

Response Fixed effects k1 AICc2 ΔAICc3 w4 
Evidence 

ratio5 

Departure species + area + year 7 433.6 0.0 0.529 1.00 

 area + year 6 433.8 0.2 0.467 1.13 
 species 3 446.0 12.5 0.001 529 

 area 4 446.8 13.2 <0.001 >529 

 intercept only (null) 2 447.1 13.5 <0.001 >529 

 species + area 5 447.2 13.7 <0.001 >529 
 species + year 5 449.0 15.4 <0.001 >529 

 year 4 449.9 16.3 <0.001 >529 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.10. Model selection results for linear mixed effects models to examine the factors 

influencing Sanderling and Red knot departure dates from the Gulf of Mexico. Global models 

included the fixed effects of mass, fattening index (FI), staging area, and year. Capture date was 

included as a random effect in all models.    

Response  Species Fixed effects k1 AICc2 ΔAICc3 w4 
Evidence 

ratio5 

Departure Sanderling area + year 6 159.6 0.0 0.549 1.00 

  FI + area + year 7 160.5 0.9 0.355 1.55 

  mass + area + year 7 164.6 5.0 0.045 12.2 
  FI + mass + area + year 8 165.7 6.2 0.025 22.0 

  FI + area 6 167.4 7.8 0.011 49.9 

  area 5 167.5 7.9 0.010 54.9 
  mass + area 6 172.0 12.5 0.001 549 

  FI + year 5 172.2 12.6 0.001 549 

  FI + mass + area 7 172.2 12.7 <0.001 >549 

  year 4 172.5 12.9 <0.001 >549 
  FI 4 174.2 14.6 <0.001 >549 

  intercept only (null) 3 174.8 15.2 <0.001 >549 

  FI + mass + year 6 176.7 17.1 <0.001 >549 
  mass + year 5 176.8 17.2 <0.001 >549 

  FI + mass 5 178.4 18.9 <0.001 >549 

  mass 4 178.8 19.2 <0.001 >549 

Departure Red knot area + year 5 84.2 0.0 0.373 1.00 
  area 4 85.7 1.5 0.175 2.13 

  year 4 86.4 2.2 0.127 2.94 

  intercept only (null) 3 87.6 3.4 0.070 5.33 
  FI + area 5 87.8 3.6 0.061 6.11 

  FI + area + year 6 88.1 3.8 0.055 6.78 

  FI 4 88.5 4.3 0.044 8.48 
  FI + year 5 88.5 4.3 0.044 8.48 

  mass 4 90.7 6.5 0.015 24.9 

  mass + area 5 90.9 6.7 0.013 28.7 

  mass + year 5 91.6 7.4 0.009 41.4 
  mass + area + year 6 92.4 8.2 0.006 62.2 

  FI + mass 5 93.0 8.7 0.005 74.6 

  FI + mass + area 6 94.9 10.6 0.002 187 
  FI + mass + year 6 95.7 11.4 0.001 373 

  FI + mass + area + year 7 99.2 15.0 <0.001 >373 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 
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Figure A.2. Relationship between mass at capture and capture date for Sanderling trapped in the 

Gulf of Mexico. The vertical dashed line indicates the date when Sanderling ramped up fuelling 

(Julian day 120). 
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Figure A.3. Relationship between mass at capture and capture date for Red knots trapped in the 

Gulf of Mexico.   
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Figure A.4. Relationship between fat score and mass at capture of Sanderling in the Gulf of 

Mexico and Chaplin Lake.  
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Table A.11. Model selection results for linear mixed effects models to explain the variation in 

Sanderling corrected stopover duration and departure dates among trapping areas in the Gulf of 

Mexico. Global models included fixed effects of trapping area and year, plus the random effect 

of capture date.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Stopover duration trapping area + year 7 321.2 0.0 0.995 1.00 

 year 5 332.8 11.6 0.003 332 

 trapping area 5 333.7 12.4 0.002 498 

 intercept only (null) 3 337.8 16.6 <0.001 >995 

Departure date intercept only (null) 3 -123.7 0.0 1.000 1 

 trapping area 5 -108.6 15.0 <0.001 >1000 

 year 5 -108.5 15.2 <0.001 >1000 

 trapping area + year 7 -100.1 23.6 <0.001 >1000 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.12. Model selection results for linear mixed effects models to examine the effect of 

mass at capture on corrected stopover duration and departure dates of Sanderling in the Gulf of 

Mexico. The global model included fixed effects of mass at capture and year, plus the random 

effect of capture date.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Stopover duration year 6 333.9 0.0 0.592 1.00 

 mass + year 7 335.1 1.3 0.316 1.87 

 intercept only (null) 4 338.9 5.0 0.048 12.3 

 mass 5 339.1 5.2 0.044 13.5 

Departure date year 6 335.5 0.0 0.548 1.00 

 mass + year 7 336.5 1.0 0.340 1.61 

 intercept only (null) 4 339.7 4.2 0.068 8.06 

 mass 5 340.6 5.1 0.044 12.5 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 
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Table A.13. Model selection results for linear models to examine the effect of Gulf of Mexico 

departure date on Sanderling migratory travel time. The global model included fixed effects of 

departure date and year.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Travel time departure date + year 5 147.8 0.0 0.310 1.00 

 departure date 3 148.0 0.1 0.290 1.07 

 year 4 148.2 0.3 0.270 1.15 

 intercept only (null) 2 149.6 1.8 0.130 2.38 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 
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Table A.14. Model selection results for linear models to explain variation in migratory travel 

time among Sanderling from different Gulf of Mexico trapping areas. The global model included 

fixed effects of trapping area and year.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Travel time intercept only (null) 2 149.6 0.0 0.573 1.00 

 trapping area + year 5 151.6 2.0 0.211 2.72 

 year 3 152.3 2.7 0.149 3.85 

 trapping area 4 153.9 4.3 0.068 8.43 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 
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Table A.15. Model selection results for linear models to explain variation in Sanderling arrival 

dates in Chaplin Lake. The global model included fixed effects of travel time, Gulf of Mexico 

departure date, year, and the interaction of Gulf of Mexico departure date and travel time.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Arrival 

date 
travel time + departure date 4 98.7 0.0 0.481 1.00 

 
departure date +  

travel time:departure date 
4 99.2 0.5 0.366 1.31 

 
departure date + travel time +  

travel time:departure date 
5 102.1 3.4 0.087 5.53 

 travel time + departure date + year  6 104.9 6.2 0.022 21.9 

 
departure date + year + 

travel time:departure date 
6 105.2 6.5 0.019 25.3 

 travel time 3 105.4 6.7 0.017 28.3 

 intercept only (null) 2 108.1 9.4 0.005 96.2 

 departure date 3 109.5 10.8 0.002 241 

 travel time + year 5 110.6 11.9 0.001 481 

 
travel time + departure date + year + 

travel time:departure date 
7 112.1 13.4 <0.001 >481 

 year 4 113.1 14.5 <0.001 >481 

 departure date + year 5 116.4 17.7 <0.001 >481 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.16. Model selection results for linear models to explain variation in Chaplin Lake 

arrival dates among Sanderling from different Gulf of Mexico trapping areas. The global model 

included fixed effects of trapping area and year.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Arrival date trapping area 4 126.1 0.0 0.88 1.00 

 intercept only (null) 2 131.5 5.4 0.058 15.2 

 year 4 132.1 6.0 0.043 20.5 

 trapping area + year 6 133.7 7.6 0.020 44.0 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 
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Table A.17. Model selection results for linear models to examine the relationship between 

Sanderling arrival and departure dates in Chaplin Lake. The global model included fixed effects 

of arrival date and year.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Departure date arrival date 3 108.9 0.0 0.073 1.00 

 arrival date + year 5 111.0 2.1 0.025 2.92 

 intercept only (null) 2 117.0 8.1 0.013 5.62 

 year 4 121.6 12.7 0.001 73.0 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.18. Model selection results for linear models to explain the variation in Chaplin Lake 

stopover durations among Sanderling from different Gulf of Mexico trapping areas. The global 

model included fixed effects of trapping area and year.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Stopover duration trapping area 4 113.6 0.0 0.828 1.00 

 year 4 117.7 4.1 0.106 7.81 

 trapping area + year 6 119.7 6.1 0.040 20.7 

 intercept only (null) 2 120.4 6.9 0.027 30.7 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.19. Model selection results for linear mixed effects models to explain variation in 

Sanderling stopover duration and departure date in Chaplin Lake. Global model included fixed 

effects of trapping area and year, plus the random intercept of capture date.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Stopover duration trapping area + year 8 748.2 0.0 1.000 1.00 

 trapping area 6 762.6 14.4 <0.001 >1000 

 year 5 764.9 16.7 <0.001 >1000 

 intercept only (null) 3 774.5 26.3 <0.001 >1000 

Departure date trapping area + year 8 3676.2 0.0 1.000 1.00 

 trapping area 6 3725.1 48.9 <0.001 >1000 

 year 5 3747.4 71.3 <0.001 >1000 

 intercept only (null) 3 3798.4 122.2 <0.001 >1000 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model  
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Table A.20. Model selection results for linear mixed effects models to examine the effect of 

mass at capture on the minimum stopover duration and departure date of Sanderling in Chaplin 

Lake. Global models included fixed effects of mass at capture and year, plus the random effect of 

capture date.  

Response Model structure k1 AICc2 ΔAICc3 w4 

Evidence 

ratio5 

Stopover duration mass + year 7 638.5 0.0 0.958 1.00 

 year 6 645.3 6.8 0.032 29.9 

 mass 5 647.6 9.1 0.010 95.8 

 intercept only (null) 4 633.1 24.6 <0.001 >958 

Departure date mass 5 660.5 0.0 0.420 1.00 

 mass + year 7 660.9 0.4 0.340 1.24 

 year 6 662.0 1.5 0.196 2.14 

 intercept only (null) 4 665.1 4.5 0.043 9.77 
1 k: number of estimated parameters in the model 
2 AICc: Akaike’s Information Criterion corrected for small sample sizes 
3 ΔAICc: difference from AICc of the best-approximating model 
4 w: AICc weight 
5 Evidence ratio = w of the best supported model / w of model 


