
ASSESSMENT OF THE IMP ACT OF OIL 

AND GAS INDUSTRY EMISSIONS ON 

THE EUROPEAN STARLING (STURN US 

VULGARIS) 

A Thesis Submitted to the College of 

Graduate Studies and Research in Partial 

Fulfillment of the Requirements for the 

Degree of Master of Science in the 

Toxicology Graduate Program 

University of Saskatchewan, Saskatoon 

By 

Michelle Dawn Irvine 

© Copyright Michelle Dawn Irvine, April, 2004. All rights reserved. 

502 OOJ 7 2.. I 8BCJ 



PERMISSION TO USE 

In presenting this thesis in partial fulfillment of the requirements for a 

postgraduate degree from the University of Saskatchewan, I agree that the libraries of this 

university may make it freely available for inspection. I further agree that permission for 

copying of this thesis in any manner, in whole or in part, for scholarly purposes may be 

granted by the professor or professors who supervised my thesis work or, in their 

absence, by the Head of the Department or the Dean of the College in which my thesis 

work was done. It is understood that any copying, publication, or use of this thesis or 

parts thereof for financial gain shall not be allowed without my written permission. It is 

also understood that due recognition shall be given to me and to the University of 

Saskatchewan in any scholarly use which may be made of any material in my thesis. 

Requests for permission to copy or to make other use of material in this thesis in whole or 

part should be addressed to: 

Chair, Toxicology Graduate Program 
Toxicology Center 
University of Saskatchewan 
44 Campus Dr. 
Saskatoon, SK 
S7N 5B3 
Canada 



ABSTRACT 

The size of the environmental footprint of the oil and gas industry in western 

Canada is enormous, yet the potential impact of the industry and related chemical 

emissions on local environments remains largely unknown. Therefore, when a study was 

initiated to investigate the health, productivity, and immune competence of domestic 

livestock chronically exposed to emissions from oil and gas batteries and associated field 

facilities in the western provinces of Canada, a parallel study of a representative wildlife 

species was conducted to gain further insight into the potential impact of the industry on 

environmental health. To this end, wild European Starlings (Sturnus vulgaris) were 

attracted to nesting locations surrounding oil and gas emission sites and suitable reference 

sites through strategic placement of nest boxes in the breeding seasons of 2001 and 2002. 

Spanning these two field seasons, reproductive performance (clutch size, egg weight and 

volume, and hatchability), nestling condition and survival were examined in 120 nests 

over a large geographical area in central Alberta. In addition, hepatic ethoxyresorufin-o

deethylase (EROD) activity (a measure of cytochrome P450IA1 biotransformation 

activity) and concentrations of polycyclic aromatic hydrocarbon (P AH) metabolites in 

bile were measured as biomarkers of exposure to certain contaminants, including P AHs, 

present in oil and gas emissions. Hatchability and fledging success of the starlings were 

not significantly associated with S02, H2S, and benzene concentrations, and proximity to 

oil and gas well sites. In contrast, ambient weather conditions, particularly total 

precipitation and average temperature during the period of interest, were significantly 

associated with these outcomes. Nestling size, when measured as tarsal length, was 

significantly decreased with exposure to increasing benzene concentration. However this 

effect was not seen on nestling development, measured using the length of the 1oth 

primary feather. None of nestling weight, egg weight or egg volume was associated with 

any measurement of contaminant exposure. Although no association was found between 

EROD activity or biliary PAH metabolite concentrations in starling nestlings and the 

exposure variables measured, nest occupancy rate (an effect of nest location on the 

outcome variable), and minimum temperature during the period from nest initiation to 

fledging of the brood acted as predictors ofEROD activity, while total precipitation was 

11 



associated with P AH metabolite residues in nestlings in 2001. Studies such as this one of 

wildlife populations may enhance our insight into potential toxicological mechanisms 

associated with exposure to oil and gas industry emissions, and lead to the identification 

of specific indicators of that could be applied in future research. 
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1.0 GENERAL INTRODUCTION 

1.1 Background: Oil and Gas in Alberta 

The oil and gas industry and the agricultural sector have long been important 

contributors to the economy and culture of the western Canadian province of Alberta. 

Unfortunately, stakeholders in these industries do not always agree on the level to which 

the two should co-exist. Of particular concern is the rapid expansions of the oil and gas 

industry, with, some believe, little regard to the impact this may be having on 

surrounding environments and other land uses (Clean Air Strategic Alliance, 1999). In 

fact, although the environmental footprint of the oil and gas industry in western Canada is 

enormous, the potential impact of this industry and the chemical emissions associated 

with it on human health, domestic livestock, and terrestrial wildlife populations remains 

largely unknown. Anecdotal reports indicate historic concerns regarding environmental, 

animal, and human health problems among livestock producers living in proximity to oil 

and gas facilities (Clean Air Strategic Alliance, 1999; Alberta Health, 1998). Two recent 

studies examined potential links between oil and gas industry emissions and adverse 

effects on livestock health (Scott et al., 2003a; Scott et al., 2003b; Scott et al., 2003c; 

Waldner, 2001; Waldner et al., 2001a), but many questions were left unanswered. 

Therefore, the western provincial governments with support from both the cattle and the 

oil and gas industries, initiated a study to investigate the health, productivity, and immune 
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competence of beef cattle chronically exposed to emissions. from oil and gas field 

facilities in western Canada. The livestock study created an opportunity to conduct a 

parallel study of terrestrial wildlife, in order to gain insight into the potential impact of 

the industry on environmental health. 

The wildlife study was nested within the larger cattle health and productivity 

study, to take advantage of the robust environmental exposure data collected. The 

assessment of wildlife health as a component of the overall project was considered 

essential to address concerns of stakeholder groups who maintained that flare emissions 

and associated processes may be adversely impacting environmental quality in ways that 

may not be evident from studies limited to domestic livestock. These concerns had been 

expressed in the past by various community groups living near oil and gas facilities such 

as refinery sites, where individuals believed that the emissions were negatively impacting 

their health (Clean Air Strategic Alliance, 1999). The best documented cases of perceived 

impacts on human health are from southwest Alberta, where community members 

reported that excess mortality, excess incidence of cancer, increased adverse reproductive 

outcomes (including birth defects), and non-specific symptoms such as headache, fatigue, 

and itching were the result of emissions from a nearby refinery site (Schechter et al., 

1990; Schechter et al., 1989; Spitzer et al., 1989). The wildlife toxicity study was, in part, 

added to the livestock investigation to increase our insight into potential toxicological 

mechanisms that could be operating in cattle and humans, and thus help address concerns 

of both livestock producers and local residents. 
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1.2 Contaminants Associated with the Oil and Gas Industry 

1.2.1 Introduction to Oil and Gas Contaminants 

The emissions from venting and incomplete combustion of natural gas, as well as 

fugitive emissions from well sites, gas plants, compressor stations, batteries and other 

field installations, can result in the release of volatile organic carbons (VOCs) including 

benzene, toluene, ethylbenzene, xylene, and naphthalene, and a wide variety of 

polycyclic aromatic hydrocarbons (PAHs) into the atmosphere. Strosher (2000) found 

that typical emissions from oil and gas facilities contained up to 150 different 

hydrocarbons at concentrations exceeding 30 mg/m3
. Approximately one-third of the 

natural gas produced in Alberta also contains hydrogen sulfide (H2S), and is therefore 

referred to as sour gas (Petroleum Communication Foundation, 2000a). Alberta accounts 

for almost 90 percent of Canada's sour gas production. Additional contaminants, usually 

resulting from incineration, partial combustion, or release of sour gas include sulfur 

dioxide (S02), H2S, carbon disulfide (CS2), carbonyl sulfide (COS), and various types of 

mercaptens (Petroleum Communication Foundation, 2000b ). When detectable, the levels 

of CS2, COS, and mercaptens are extremely low compared with other contaminants. 

Release of these hydrocarbons and sulfur compounds are often associated with an 

offensive odor, and have been linked to perceived negative health effects of community 

groups and livestock producers in the surrounding areas (Clean Air Strategic Alliance, 

1999). 

Most of the information available on the toxicity of these compounds is based 

upon acute exposure studies of single compounds using laboratory animals, rather than 

the concentrations and mixtures more typical of long-term exposure observed in the oil 
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patch. However, findings of adverse effects following acute, high-dose exposure may 

provide some insight into potential impacts of chronic, low-level exposure. 

1.2.2 Sulfur Dioxide 

Sulfur dioxide is a product of burning fossil fuels, industrial processes, and motor 

vehicle operations. Most humans can smell S02 at concentrations of 0.3 to 1 ppm in air; 

the smell becomes pungent and irritating at 3 ppm. The mechanism by which S02 

produces its noxious effects involves reactions with various biomolecules, including 

enzymes, coenzymes, and nucleic acids (RNA, DNA and associated proteins) (Petruzzi et 

al., 1994). 

The most commonly reported effects of exposure to S02 at low levels involve 

pulmonary damage or some degree of airway obstruction. Oda et al. (1989) found that 

long-term exposure to so2 (up to 400 ppm) increased the content of pulmonary surfactant 

phospholipids in bronchiolar lavage fluid in rats, causing airway obstruction and 

impairment of mucociliary transport systems. Similarly, Scanlon et al. (1987) reported 

that exposure to so2 at 200 ppm produced inflammatory changes in the airways, while 50 

ppm caused hypersecretion of mucus and airway obstruction, but no inflammation. 

Interestingly, the same study found that 15 ppm caused no consistent physiological 

changes in dogs. Furthermore, S02 exposure in rats caused lipid peroxidation by 

inhibition of antioxidant enzyme systems, and increased tissue glutathione concentrations 

at 5 and 100 ppm, but oddly had no effect on these enzymes at 50 ppm (Gumuslu et al., 

1998; Langley-Evans et al., 1996). In human studies of healthy adults, no pulmonary 
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effects were reported following 2:40 minutes of continuous exposure to 2.0 ppm so2 

(Bedi and Horvath, 1989). 

Little information is available on the reproductive effects of S02 . Chronic, prenatal 

exposure to moderate concentrations of S02 (32-65 ppm) appeared to cause altered 

neuromuscular coordination of the developing fetus in mice (Singh, 1989). However, 

Petruzzi et al. (1996) reported that mice exposed to 30 ppm S02 during pregnancy had 

decreased food and water consumption and reduced body weight several days after 

beginning exposure, but all measurements of reproductive performance remained 

unchanged. 

The genotoxic effects of S02 exposure may be more subtle than other indicators of 

toxic action. Jagiello et al. (1975) found that 150 J.tg/cm3 S02 caused meiotic inhibition in 

vitro and structural damage to oocytes from cattle and sheep. Similarly, Meng and Zhang 

(1990) showed that human workers exposed to low S02 concentrations at a sulfuric acid 

plant demonstrated increased incidence of genetic damage including chromatid breaks 

and chromosome gaps, fragments and centric rings, but general health during the working 

period was found to be satisfactory. 

1.2.3 Hydrogen Sulfide 

Natural sources ofH2S include volcanic gases, sulfur springs, crude petroleum, and 

natural gas. Hydrogen sulfide is also often measured in association with manure handling 

systems and some types of natural wetlands. Hydrogen sulfide is the primary acute-acting 

toxic chemical hazard of natural gas production. Upon inhalation, H2S enters the 

circulation and partly dissociates into sulfide ion (HS). Free H2S in the blood interacts 
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with metalloproteins, disulfide-containing proteins, and thio-S-methyl-transferase, 

forming methyl sulfides, while the sulfide ion interacts with a number of enzymes and 

other macromolecules and binds to heme compounds, including hemoglobin and 

myoglobin. However, the critical target enzyme of sulfide is thought to be intracellular 

cytochrome oxidase (Khan et al., 1990), an enzyme family necessary for functioning of 

the electron transport system in oxidative phosphorylation. 

Due to the quick-acting nature of hydrogen sulfide, the primary determinant of 

toxicity is the concentration rather than the duration of exposure. Air concentrations as 

low as 500 ppm can lead to a "knockdown" effect in humans, characterized by 

unconsciousness and subsequent amnesia (Guidotti, 1996). Consequently, the 

. instantaneous maximal dose of H2S is the key feature in determining the severity of 

neurological abnormalities in residents exposed to low concentrations ( 5 ppm or less) of 

H2S, and the product of dose and duration (Haber's Law) is less predictive of 

neurological impairment than the magnitude of the dose alone (Kilburn, 1999). 

Inhalation of 1 0 ppm H2S did not adversely affect pulmonary function in healthy 

adult men and women (Bhambhani et al., 1996). However, 1 0-ppm H2S was shown to 

reduce maximal aerobic performance and increase blood lactate concentrations during 

exercise in adults (Bhambhani et al., 1997). Chronic, low-level exposure to sour gas plant 

emissions may have adverse effects on the respiratory system sufficient to cause 

symptoms among children, who may be sensitive indicators (Dales et al., 1989). Memory 

and learning impairments are the most common neurological symptoms associated with 

H2S exposure in humans. Kilburn and Warshaw (1995) reported that residents living 

downwind of a refinery in California exposed to emissions rich in H2S exhibited 
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abnormal psychological tests, including impaired automatic neuroaxis responses and 

reduced perceptual motor speed. Partlo et al. (200 1) found that repeated exposure of rats 

to H2S caused impaired memory performance, and that this effect lasted well beyond the 

exposure period, providing evidence of mild brain dysfunction following a prolonged 

period of repeated H2S exposure. Another study reported that exposure to 400 ppm H2S 

caused impaired acquisition and retention of information (neurobehavioral effects) in 

rats, while 125 ppm produced subtle performance impairments and :S 80 ppm had no 

effect (Struve et al., 2001). 

In addition to the severe neurological symptoms reported in cases of acute and sub

acute exposure, H2S has adverse effects on lung function and nasal passage morphology. 

Richardson (1995) found that sewer workers exposed to H2S had significantly reduced 

lung function relative to non-exposed workers, and that this reduction in lung function 

was greatest among long-term employees. In contrast, Hessel et al. ( 1997) reported that 

lung function parameters in oil and gas workers in Drayton Valley, Alberta were not 

different than non-workers. In a study of rats sub-chronically exposed to H2S, the no 

observed adverse effects level (NOAEL) for nasal olfactory lesions was 10 ppm. 

Exposure and dose-related responses characterized by loss of olfactory nerves were 

observed at 30 and 80 ppm (Brenneman et al., 2000). 

Few studies have looked at potential reproductive effects ofH2S exposure. Rats 

exposed to low levels of H2S (:S 75 ppm) during gestation and neonatal development to 

21 days post-partum demonstrated accelerated hair development and ear detachment, and 

gestation was prolonged at all concentrations tested (Hayden et al., 2002). In a multi-year 

study of a small number of beef herds in Alberta, Waldner et al. (200 1 b) reported that 
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exposure to H2S was associated with some measures of reproductive failure, including 

abortion risk and stillbirth. 

1.2.4 Volatile Organic Compounds 

As many as 50 different volatile organic carbon (VOC) compounds have been 

measured in the emission stream at an individual flaring site (Strosher, 1996). These 

compounds are highly volatile, as their name would suggest, and partition mainly into air, 

rather than water, soil or sediment. Therefore, concerns associated with VOCs are related 

to inhalation exposure, and most reports involve very high exposure concentrations. For 

the purpose of this study, only a limit~d number of VOCs will be discussed, including the 

BTEX compounds (benzene, toluene, xylenes and ethyl benzene), and hexane. These 

compounds were selected for detailed analysis due to their prominence in the literature, 

and because they are most likely to exist in the higher concentrations compared with 

other VOCs that may be present (Strosher, 1996). 

Benzene 

Benzene is a component of unleaded gasoline and crude oil, and is used in the 

manufacture of various products including rubber, lubricants and pesticides. Benzene is a 

highly volatile, non-lipophilic compound, which partitions mainly into air and does not 

accumulate in the food chain. Inhalation is the primary route of human exposure to 

background levels of this compound (Hattemer-Frey et al., 1990). 

Benzene metabolism is very complex. In the liver, benzene is metabolized by a low

affinity phenobarbital-inducible isozyme, cytochrome P450IIB 1 (CYPIIB 1) and a high 

affinity ethanol-inducible isozyme, cytochrome P450IIE1 (CYPIIE1) to benzene oxide. 
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Further metabolism yields various products including phenol, hydroquinone, catechol, 

and benzoquinone. 

The most widely recognized health effects of benzene are genotoxicity and 

carcinogenesis. Exposure to relatively low concentrations of benzene ( 40-1 000 ppb) 

induces significant increases in chromosome aberrations in mouse lymphocytes (Au et 

al., 1991). Similarly Ward et al. (1992) observed increased mutation in murine 

lymphocytes exposed to 40 and 1 00 ppb benzene by inhalation, with females being more 

sensitive than males. Other studies demonstrated increased tumor production with long

term, low-level inhalation exposure (600 ppm) in mice, even though that concentration 

did not induce benzene metabolism (Sabourin et al., 1990). Inhalation exposure of mice 

. to 300 ppm benzene caused significant changes in cell types and was clearly carcinogenic 

(Farris et al., 1993). 

Benzene toxicity in the form of DNA damage has been shown to be reduced by co

exposure to toluene (Plappert et al., 1994). This protective effect may be due to 

competitive inhibition of benzene biotranformation by toluene, resulting in an increase in 

the pulmonary excretion of unmetabolized benzene (Purcell et al., 1990). 

The reproductive effects of benzene are most commonly reported in humans with 

workplace exposures to the compound. In women exposed at work to jet fuel containing 

97.5 ppb benzene, Reutman et al. (2002) showed a decrease in pre-ovulatory luteinizing 

hormone (LH) levels, while Strucker et al. ( 1994) showed that benzene did not increase 

risk of spontaneous abortion in women whose husbands were occupationally exposed to 

benzene. However, several studies have shown that low levels of benzene (0.7-47.8 
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mg/m3
) cause increased sperm abnormalities, including alterations in semen viscosity, 

sperm count, and sperm motility (De Celis et al., 2000; Wang et al., 2000a). 

Benzene and its metabolites have also been shown to have embryotoxic and fetotoxic 

effects. In particular, phenol (1.6 mM), was minimally embryotoxic to rat conceptuses, 

while hydroquinone, catechol, and benzoquinone (0.1 mM) were 1 OOo/o lethal to rat 

conceptuses. Babies of women exposed at work to benzene at a petrochemical plant had 

decreased mean gestational age compared with unexposed control babies (Wang et al., 

2000b). Similarly, infants of women exposed to benzene in the workplace had lower birth 

weight than infants of unexposed mothers (Chen et al., 2000). 

There is very little information available on the avian reproductive toxicity of 

benzene. However, Vodela et al. (1997) reported exposure to 1.3 ppm caused decreased 

water consumption, decreased body weight, and increased embryo mortality in chickens 

ingesting benzene in drinking water. 

Toluene 

Toluene is a widely used organic_ solvent employed in many indu~tries including the 

manufacture of paints, adhesives, glues, plastics and textiles. Many of the symptom~ of 

toluene exposure are similar to those of other VOCs, and are primarily neurological 

effects. At high doses (1 000 ppm), toluene affects high affinity binding of acetylcholine 

to rat muscarinic receptors (Tsuga and Honma, 2000). Exposure of rats to 80 ppm toluene 

caused persistent effects on cognitive and neurological properties, and on cerebrocortical 

volume (Von Euler et al., 2000), while levels as low as 10 ppm affected task completion 

(Rogers et al., 1999). However, the authors of the latter study noted a possible design 

flaw, in that the task used in this case was more difficult than that of similar studies in the 
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past where toluene apparently produced no effects on completion of a similar task at low 

concentrations. 

Various reviews of toluene toxicity have shown that this compound can act as a 

potent reproductive toxicant with teratogenic and developmental effects (Wilkins-Haug, 

1997; Donald et al., 1991). Many of the studies linking reproductive effects with toluene 

exposure are based on high inhalation concentrations. For example, Hass et al. ( 1999) 

reported that rats exposed to 1200 ppm toluene produced pups with lower birth weights, 

delayed reflex development, and impaired cognitive function. High concentrations of 

toluene (2000 and 6000 ppm) have been found to alter sperm count and sperm quality 

and activity in rats (Ono et al., 1999), as well as decreased epididymal weight and 

increased fetal mortality (Ono et al., 1996; Ono et al., 1995). Lower concentrations of 

toluene (600 ppm') also cause a decreased sperm count (Ono et al., 1996). Growth and 

delayed skeletal development have been noted with chronic exposure to relatively lower 

concentrations (133 ppm) during the gestation period (Ungavary, 1990). Based on 

findings such as these with rats, mice and rabbits, Klimisch et al. (1992) proposed a 

pregnancy guidance value (or permissible exposure level for child-bearing women) of 20 

ppm. 

In human studies, workers exposed to benzene, toluene, and xylenes in Japan 

demonstrated decreased sperm vitality, motility and acrosin activity (Xiao et al., 2001 ). It 

is important to note that the teratogenic effects of in utero toluene exposure may be 

related to maternal metabolic acidosis secondary to toluene-induced renal damage, which 

would occur at high doses of toluene not likely to occur in the environment (Wilkins

Haug, 1997). 
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Xylenes 

Xylenes are volatile organic solvents encountered in many products including paints, 

lacquers, glues, cleaning products, degreasers, gasoline, and pesticide preparations. 

Commercial xylene is a mixture of three isomers; ortho-xylene, meta-xylene, and para

xylene, with high amounts of ethyl benzene also present (Toftgard and Nilsen, 1982). 

The toxicokinetics of toluene, xylene and benzene are relatively similar, characterized 

by high uptake in lipid-rich tissues (brain and fat) and well perfused organs (e.g. liver and 

kidney) immediately following inhalation, followed by rapid elimination resulting in low 

concentrations in all tissues except fat (Ghantous and Danielson, 1986). 

At low levels of exposure, the effects of xylenes are characterized by biochemical 

changes. Short-term inhalation exposure top-xylene at 300 ppm produced alterations in 

pulmonary microsomal membrane structure, and increased aryl hydrocarbon hydroxylase 

(AHH) and ethoxyresorufin-o-deethylase (EROD) activity (used to measure induction of 

cytochrome P4501Al) in pulmonary microsomes (Silverman et al., 1991; Toftgard and 

Nilsen, 1982). Mice, rats, and rabbits exposed to xylenes via inhalation demonstrated 

increased P450 activity as well as non-specific damage to cellular organelles, including 

the rough endoplasmic reticulum, ribosomes, and mitochondria (Simmons et al., 1991; 

Ungavary, 1990). Foy et al. (1996) reported that cytochrome P450IA2 (CYPIA2) activity 

was altered in the rat lung and liver after exposure tom-xylene, while other researchers 

observed an increase in liver to body weight ratio in rats exposed to xylene and xylene 

isomers (Toftgard and Nilsen, 1982). Conversely, Elovaara and colleagues (1987) found 

that 300 ppm xylene caused a 40o/o decrease in pulmonary P450 content, and a parallel 

loss in ethoxycoumarin-0-deethylase (ECOD) activity (another assay to detect the 
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activity ofP450 isozymes). Interestingly, the various xylene isomers may differentially 

affect P450 concentration and activity. For example, ethylbenzene, and o- and m-xylene 

are more potent inducers of rat liver microsomal cytochrome P450 and related enzymatic 

activities than p-xylene (Toftgard and Nilsen, 1982). 

Although non-volatile metabolites of m-, o-, and p-xylene appear immediately after 

inhalation in maternal as well as fetal tissues, generally fetal uptake is low compared with 

maternal tissue uptake (Ghantous and Danielson, 1986). When pregnant rats were 

exposed to 2600 ppm xylene by inhalation, no pathology was observed in the pups, 

although minor structural changes occurred in liver tissue (Kukner et al., 1998). 

Conversely, Mirkova et al. (1983) reported that 50 and 500 mg/m3 xylene caused an 

increase in post implantation loss, and a decrease in mean fetal weight in comparison 

with control groups. The same study demonstrated that maternal xylene exposure 

increased visceral anomalies in the fetus, and defects of ossification of the fetal skeleton. 

Maternal exposure top-Xylene has been reported to cause embryotoxic effects in rats 

(Ungvary et al., 1981), although maternal ovarian hormone production was not affected. 

1.2.5 Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (P AHs) are a large class of structurally related 

compounds characterized by two or more fused benzene rings (Hegstad et al., 1999). 

Petroleum waste contains many PAHs, including benzo[a]pyrene, benzo[b and 

k]fluoranthene, chrysene, indeno[1 ,2,3-c,d]pyrene, dibenz[a,h]anthracene, 

benz[a]anthracene, and benzo[g,h,i]perylene (Schroder et al., 2003). Polycyclic aromatic 
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hydrocarbons derived from incomplete combustion of fuels, including coal and 

petroleum, have been found to be carcinogenic in humans (Lewtas, 2002). 

Although PAHs are common in the environment and present a toxicologically 

significant threat to humans and animals, only one of the PAHs (benzo[a]pyrene) has 

been widely studied and characterized toxicologically. Numerous studies have shown that 

PAH concentrations are often elevated in tissues of animals from PAR-contaminated 

sites. For example, Custer et al. (2001) identified twelve different PAHs in Tree Swallow 

(Tachycineta bicolor) and House Wren (Troglodytes aedon) carcasses from an oil 

refinery site. Ethoxyresorufin-o-deethylase and benzyloxyresorufin-o-deethylase (BROD) 

activities (used to measure induction of cytochrome P450IA1 and P450IIB 1, respectively, 

which are preferentially induced by P AHs) were elevated at this site compared with a 

control site. Phase I metabolism of P AH substrates via the cytochromes P450 pathway 

plays an important role in the production of genotoxic intermediates, and the elevated 

frequencies of neoplasms which may result from PAH exposure (Di Guilio et al., 1993). 

Although the reproductive effects of P AHs are not well understood, related 

compounds, polyhalogenated aromatic hydrocarbons (PHAHs) are well-known 

reproductive toxicants, and exhibit their toxicity through the same mechanism of CYPIA 

metabolism as P AHs. These compounds have been shown to cause alterations in laying 

date, incubation period, egg volume and chick weight in Common Terns (Sterna hirundo) 

exposed to PHAHs (Murk et al., 1996). Similarly, Smits et al. (1999) found that Tree 

Swallows exposed to P AHs on oil sands reclamation sites had decreased clutch mass, 

decreased hatching success, and decreased fledging success; however, clutch size, and 

nestling size were not related to P AH exposure. Bishop et al. (1999) did not find an 
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association between chlorinated hydrocarbon levels and fledging or hatching· success in 

Tree Swallows in the Great Lakes and St. Lawrence River basin. 

1.3 Exposure and Effect Biomarkers 

1.3 .1 Introduction to Biomarkers 

Biomarkers are alterations in cellular or biochemical components or processes, 

structures, or functions that are induced by pollutants and are measurable in biological 

systems or samples (Kendall et al., 1996). Biomarkers can be characterized as either 

markers of exposure and/or markers of effect of pollutant exposure. The presence of a 

pollutant or its metabolites, or the product of an interaction between a xenobiotic agent 

and some target molecule or cell that is measured within a compartment of an organism, 

can be classified as biomarkers of exposure. For example, the detection of metabolites of 

P AHs in the bile of birds or mammals is a biomarker of exposure to these compounds in 

those animals. Likewise, increased concentration or activity of enzymes responsible for 

the metabolism of a particular xenobiotic, such as induction of cytochrome P450IA1 in 

response to P AH exposure, is an exposure biomarker. 

Conversely, any biochemical, physiological, or other alteration within an 

organism that, depending on magnitude, can be recognized as a disease or a potential 

impairment to health, can be characterized as a biomarker of effect (Kendall et al., 1996). 

The usefulness of biomarkers as indicators of health effects is a matter of some debate. In 

many cases, further chemical analysis or biological sampling is required to confirm the 

biomarker findings. Furthermore, many biomarkers are not specific to a particular 

compound; rather, they respond to a group of compounds that induce a particular 
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physiological reaction. For example, the induction of cytochrome P450IA (CYPIA) is 

often used as an indicator of exposure to P AHs and planar polyhalogenated aromatic 

hydrocarbons (PHAHs), such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). In fish this 

response has been used to predict reproductive or carcinogenic health effects. However, 

this relationship is not well established in birds or mammals. Consequently, endpoints 

that are easily observable and reliably linked to higher order effects, such as reproductive 

success, are more often used as bioindicators of effect in birds and mammals, in 

conjunction with biochemical markers of exposure (Trust et al., 2000; Bishop et al., 

1999; Custer et al., 1999; Smits et al., 1999; Bishop et al., 1998; Grasman et al., 1998; 

Elliott et al., 1996; Bosveld et al., 1995). 

1.3 .2 Exposure Biomarker: Cytochrome P450 Monooxygenase System 

The cytochrome P450 monooxygenase system is a family of enzymes found in most 

classes of vertebrates, which are capable of transforming the structure of a large number 

of organic compounds. These enzymes play an impo~ant role in the Phase I oxidative 

metabolism (and in many cases detoxification) of a wide range of xenobiotics. The 

reactions catalyzed by these proteins are referred to as mixed function oxidase (MFO) or 

monooxygenase reactions. The reaction involves a coupled electron transport system that 

is composed of two enzymes (cytochrome hemoprotein and flavoprotein) that are 

physically linked together. Activity of cytochrome P450 is generally highest in hepatic 

and pulmonary tissues, and expression of this enzyme is dependent upon heme 

availability (Okey, 1990). 
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Cytochromes P450 include over 480 gene families (Walker, 1998), although very few 

forms have been characterized in birds. One specific isozyme, cytochrome P450IA 

(CYPIA), has been well studied in mammals and fish, and to a lesser extent in birds. 

CYPIA catalyses Phase I reactions in which a small polar group is either exposed in the 

toxicant or added to the toxicant by processes of oxidation, reduction, or hydrolysis, in

order to enhance water solubility for elimination (Whyte et al., 2000). Through these 

mechanisms, CYPIA is involved in the formation of reactive oxygen species (ROSj 

including superoxide, hydroxyl radical, and hydrogen peroxide (Whyte et al., 2000). 

CYPIA can be further divided into two distinct forms, CYPIA1 and CYPIA2. CYPIAI is 

generally preferentially expressed over CYPIA2 (Okey, I990). 

Various assays have been developed to measure the concentration or activity of 

cytochromes P450. These assays generally measure formation of a product through the 

action of a specific CYP isozyme on a particular substrate. For instance, the EROD assay 

detects the formation of resorufin from ethoxyresorufin, a substrate specific to CYPIA I. 

Whyte et al. (2000) devised a system to compare EROD induction among studies. 

These authors proposed that contaminants that induced EROD less than I 0-fold above 

control levels should be considered "weak" inducers, while 1 0- to I 00-fold increases 

were indicative of "moderate" EROD inducers, and compounds that elicited greater than 

I 00-fold induction over controls were "strong" EROD inducers. This scheme was 

intended for use in studies of fish, and should be used with caution when making 

comparisons in other classes of animals. Strong EROD inducers include planar, 

halogenated hydrocarbons. In fact, the classical CYPIA inducer is 3-methylcholanthrene. 

Several other xenobiotics are known CYPIA inducers, including various PAHs, 
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phenothiazines, flavones, plant indoles, indolocarbazoles, charcoal broiled beef, cigarette 

smoke, crude pet~oleum, polychlorinated biphenyls (PCBs), polybrominated biphenyls 

(PBBs), polychlorinated dibenzo-dioxins (PCDDs), polychlorinated dibenzo-furans 

(PCDFs), and 2-ametylaminofluorene (Okey, 1990). Often, the formation of toxic 

metabolites, including carcinogenic metabolites in the case of P AHs, results from 

metabolism of these compounds by CYPIA. This observation validates the use of EROD 

activity as a measure of induction of CYPIA, and as a biomarker of potential carcinogens 

. (Whyte et al., 2000). 

Induction of CYPIA, which includes both CYPIA 1 and IA2, is mediated through the 

binding of xenobiotics to a cytosolic aryl hydrocarbon receptor (AhR). Ligands of the Ah 

receptor must be lipid soluble, planar or be able to assume a planar form, and have 

similar molecular dimensions and appropriate charge distribution- optimized by halogen 

substitution. Receptor binding initiates the transcription of several genes, including 

CYPIA and several Phase II enzymes including glutathione-S-transferase (Whyte et al., 

2000; Grasman et al., 1998). However, the degree of inducibility of P450s is often higher 

than the inducibility of Phase II conjugating enzymes; potentially causing an imbalance 

between the rate of toxic metabolite generation and their subsequent inactivation by 

conjugation (Okey, 1990). 

Induction of CYPIA has been well studied in mammals and fish, but relatively little is 

known about CYPIA enzymes in birds (Verbrugge et al., 2001). A CYPIA type of protein 

appears to be expressed in most avian species, however, CYPIA2 may not be present 

(Verbrugge et al., 2001; Walker, 1998). Furthermore, CYPIA expression appeared to be 

similar within avian species, but varied among species and with age of the bird 
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(Verbrugge et al., 2001; Hahn, 1998; Sanderson and Bell ward, 1995). Similarly, 

Brunstrom and Halldin (1998) showed that there are marked interspecific differences in 

responses of avian embryos to EROD inducers. For example, they found that wild species 

appeared to be relatively non-responsive compared with the chicken (Gallus gallus). 

Avian concentrations of hepatic microsomal cytochromes P450 and catalytic activity are 

generally lower than mammals (Walker, 1998; Borlakoglu et al., 1991 ). In particular, 

fish-eating birds have substantially lower activity than mammals or omnivorous birds 

(Walker, 1998). Sanderson and Bellward (1990) reported that hepatic EROD induction 

was at the lower end of the dose-response curve in piscivorous species. 

There are many other potential sources of variation for EROD induction in birds, 

including genetic differences, diet, time of year, age, and reproductive status (Renauld et 

al., 1999). For example, Pampori and Shapiro (2002) showed that P450 enzyme 

concentrations, when reported as the concentration of total cytochromes P450, or by 

measuring the metabolism of chemical substrates (ethoxyresorufin), are consistently two 

to four times greater in male compared with female chickens. Consequently, at any one 

site, there may be birds that are uninduced, slightly induced, or highly induced, making it 

difficult to judge those birds against a reference location (Renauld et al., 1999).

Therefore, birds present a dilemma in that they have lower responsiveness to some P450 

inducers, lower activity in some cases, and differences in protein induction patterns, 

depending on environmental and other variables. In spite of these limitations, numerous 

recent studies have successfully used induction of CYPIA as a measure of exposure to 

environmental contamination in birds (Bishop et al., 1999; Renauld et al., 1999; Smits et 
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al., 1999; Bishop et al., 1998; Davis et al., 1997; Rattner et al., 1997; Elliott et al., 1996; 

Bosveld et al., 1995; Trust et al., 1994). 

1.3 .3 Exposure Biomarker: Biliary Metabolite Analysis 

Xenobiotic compounds and their metabolites are commonly excreted via the 

biliary system into the feces. Following absorption into the blood from the 

gastrointestinal tract, the liver acts to extract these compounds from the blood and control 

their distribution to the rest of the body. The liver is the most important site of 

biotransformation of toxicants, with the intended result of detoxifying them. The 

metabolites produced are excreted into the bile, where the majority will be excreted in the 

feces, although a portion may be reabsorbed through the enterohepatic recirculation 

mechanism (Ke~dall et al., 1996). 

The analysis of bile for metabolites of various foreign compounds is useful to 

indicate not only exposure, but absorption and metabolism of the parent compound by the 

animal. Studies have shown that biliary metabolite concentration is a valuable means of 

detecting the presence and availability of various organic toxicants in the environment. 

For example, Leonard and Hellou (2001) reported that certain metabolites ofPAHs can 

be uniquely identified in bile via a fluorescence method. The authors applied this 

technique to determine PAH exposure in Speckled Trout (Salvelinus fontinalis). Upshall 

et al. (1993) and Gagnon and Holdway (2000) found that biliary metabolites ofPAHs 

correlated well with monooxygenase activity in Rainbow Trout (Salmo gairdneri) and 

Atlantic Salmon (Salmo salar) respectively. Di Guilio et al. (1993) found that the 

presence of biliary metabolites of P AHs correlated with oxidative stress and DNA 
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damage in Channel Catfish (lctalurus punctatus). Similarly, Hegstad et al. (1999) were 

able to measure metabolites of P AHs in bile, urine, and feces of the rat. Although most 

literature focuses on the use of biliary metabolite determination in fish species, Gonzalez 

et al. (2002) used a fluorescence method to determine metabolites of PAHs in bile 

samples from Buzzards (Buteo buteo) and Tawny Owls (Strix aluco). 

1.3 .4 Effects Bioindicator: Reproductive Success 

Reproductive performance is an easily defined endpoint that has been frequently 

used in wildlife toxicology studies of many avian species. An obvious strength of this 

measure is that it can be potentially linked to fitness, particularly if reproduction is 

impaired compared with representative healthy populations. Reproductive performance 

has been well studied in wild populations of European Starlings (Sturnus vulgaris) 

(Christians and Williams, 2001; Geluso et al., 1999; Motis et al., 1997; Kallander and 

Karlsson, 1993; Meijer, 1992; Pinxten, 1989; Kessel, 1957). Key endpoints related to 

reproductive success, including clutch size (Reid et al., 2000b ), egg weight (Christians 

and Williams, 2001 ), egg size (Smith et al., 1995a), egg volume (Hoyt, 1979), nestling 

weight and size (Reid et al., 2000a; Ohlsson and Smith, 1994), hatchability (Reid et al., 

2000b ), and fledging success (Christians and Williams, 2001; Christians and Williams, 

1999; Ungvary et al., 1981) have been characterized from populations in many locations. 

Because these endpoints are well studied, and "normal" values are readily available for 

starlings, they were chosen as bioindicators of effect to assess potential impacts of 

exposure to gas and oil field emissions in this study. 
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1.4 Study Animal: European Starling 

1 . 4.1 Natural History 

Habitat 

The breeding range of the European Starling inN orth America includes nearly all of 

southern Canada (Kallander and Karlsson, 1993). These birds are highly adaptable in 

their choice of habitats, being equally at home in farmland, open woodland, and suburban 

environments (Feare, 1996). Whitehead et al. (1995) found that starlings in Oxfordshire, 

UK spend most of the winter resident around one farm, with a preference for permanent 

pasture and established grass fields. They also reported that starlings preferred to forage 

in fields close to farm buildings, prob~bly due to their use as roosting sites. In fact, 

starlings may spend as much as 50% of their time around human-made structures 

(Gregory and Baillie, 1998). 

During breeding, starling populations tend to be highest around areas where food 

resources are readily available and abundant. Solonen et al. (1991) reported that declines 

in Finnish starling populations were associated with cessation of dairy farming in the 

area, and that food resource availability in the nestling period was an important factor in 

determining the size of local populations. They also found that distance between breeding 

pairs was associated with habitat quality, and that starling populations may decline 

dramatically in response to changes in agricultural practices from mixed farming to 

monoculture. Adult starlings are philopatric with regard to nest site selection, but 

versatile with regards to the type of nest (Feare, 1996), while juveniles may move long 

distances to breed (Cabe, 1999). 
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Food 

Starlings are routinely faced with seasonal variation in food and energy availability 

(Geluso and Hayes, 1999). The diet of adult starlings consists largely of larval insects, 

although some fruit and human garbage may be ingested (Kessel, 1957). During the 

breeding season, adults spend approximately 15 hours per day foraging for food in fields 

surrounding the nesting site (Bautista et al., 1998). Nestling starlings are fed mainly 

invertebrates, with a preference for the larval and pupal forms of Lepidoptera, 

Coleoptera, and Orthoptera (Wright et al., 1998; Motis et al., 1997; Whitehead et al., 

1995). Food quantity and quality are among the most important factors affecting survival 

of nestlings (Flux and Thompson, 1995). 

Nesting 

Starlings are secondary cavity nesters that prefer tall (approximately 15 m), deciduous 

trees (Sedgwick and Knopf, 1990). The male starling is responsible for building the nest, 

which usually consists of greenery and dried grasses (Kessel, 1957). The greenery is 

thought to act as a protective mechanism against parasites (Gwinner, 1997; Clark et al, 

1988). Starlings are relentless in acquiring nesting sites, and will out-compete native 

birds such as the Northern Flicker (Colaptes auratus) or American Kestrel (Falco 

sparverius) (Ingold, 1998; Kerpez et al., 1990). 

Eggs 

The onset of laying in starling populations is generally synchronized among nests 

(Feare, 1996). In most latitudes, starlings do not begin laying until the last days of April 

or early in May (Kallander and Karlsson, 1993). However, laying date is dependent on 

food availability, so an abundant food situation can advance the start of laying (Meijer et 
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al. 1999; Meijer, 1992). Meijer and colleagues (1999) also found that ambient 

temperature influences timing of the breeding season. In many populations, starlings lay 

two clutches each year. The first clutch is a highly synchronous effort at the beginning of 

the breeding season (Meijer et al., 1999; Meijer, 1992; Kessel, 1957), while the second 

clutch is smaller, and less synchronous, approximately 45 days later (Fear, 1996). 

Starlings are indeterminate layers (Meijer, 1993; Kennedy et al., 1990). However the 

female is only able to compensate for removed eggs in the beginning of the laying cycle, 

within the first day or two of laying (Meijer, 1993), by laying additional eggs. 

Furthermore, starlings are intraspecific nest parasites (Feare, 1996), meaning they will lay 

eggs in nests not their own, and allow the host pair to raise their young. Perhaps related to 

nest parasitism, female desertion of nests is common among starlings (Eens and Pinxten, 

1995). In an experiment where additional eggs were added.to some starling nests, 

Christians (2000) found that nine out of 33 pairs deserted their nests in the experimental 

group, while no desertions occurred in the control group. Males may commit infanticide 

(by tossing out competing males' eggs), in which case the female would start a 

replacement clutch 2-10 days later (Smith et al., 1996). Small clutch sizes may be 

observed if the female is a juvenile, first time breeder, in relatively poor body condition, 

or the second or third female of a polygamous male (Meijer, 1992). 

Incubation in starlings begins when the penultimate egg has been laid. The incubation 

period is approximately 12 days, and both males and females are responsible for 

incubation (Smith et al., 1995b ). However, starlings are polygynous, accepting more than 

one mate in some cases. Only in monogamous situations is the male intensely involved in 

parental care (Kessel, 1957),. 
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Nestlings 

Nestling starlings hatch over a period of days, such that size varies within the nest 

(Ohlsson et al., 1994). One chick often hatches much smaller than the rest, and usually 

dies at a young age (Flux et al., 1995). Although adult starlings are slightly dimorphic 

with regard to body size, males being larger than females, nestlings show no sexual 

dimorphism (Bradbury et al., 1997). Nestlings will remain in the nest for approximately 

18-21 days (Kessel, 1957). 

1.4.2 Use in Contaminant Studies 

Avian models in general are appropriate for the study of airborne contaminants, 

because of their high metabolic and respiratory rates, and distinct respiratory tract 

anatomy and physiology, including cross-current circulation and continuous airflow 

across respiratory surfaces (Gill, 1995). European starlings have frequently been used as 

indicators of environmental contamination (Custer et al., 2001; Wolfe and Kendall, 1998; 

Fryday et al., 1996; Fryday et al., 1995; Trust et al., 1994; Hart, 1993). A principal reason 

for selecting starlings as a model species in wildlife toxicology studies is that a great deal 

is known about their behavior and breeding biology (Christians and Williams, 200 I; Reid 

et al., 2000b; Christians and Williams, 1999; Meijer et al., 1999; Smith and Wettermark, 

1995; Smith et al., 1995a; Smith et al., 1995b; Kallander and Karlsson, 1993; Pinxten, 

1989; Mirkova et al., 1983; Kessel, 1957). They were a particularly appropriate wildlife 

indicator species for this study because they are widely distributed across the study area 

and are particularly abundant around livestock and other agricultural facilities. Also, 

starlings are not easily disturbed by intensive human activity, as results from scientific 
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research, and tend to have high nest box occupancy rates and large clutch sizes (5-7 

eggs), which improve the statistical power of studies involving these birds. Starlings are 

cavity nesters, and readily choose to nest in human-made boxes. They also have 

relatively small home ranges, so that samples obtained from nestlings prior to fledging 

are representative of contamination in local habitats. Finally, they are omnivores, eating a . 

variety of plant and insect material, but relying mainly on invertebrates during the 

breeding season such that they would be exposed to environmental contaminants by 

ingestion of invertebrate prey (and associated soil particles), as well as through inhalation 

of gaseous emissions. In studies of nestlings, there is some potential for egg transfer of 

lipid soluble chemical residues. In this study, however, the contaminants of concern are 

not likely to accumulate in eggs and there is no reason to assume that starlings nesting in 

more exposed areas would be more or less likely to be affected by exposure on the 

wintering grounds (potentially to different compounds than those studied for the purpose 

of this research) than starlings nesting on the less exposed or control sites. 

1.5 Research Objectives 

The primary objectives addressed through this research were: 

• To determine if exposure to emissions from oil and gas facilities during the nest 

building, laying, incubation, and nestling period increases the risk of adverse 

reproductive effects in European Starlings as determined by changes in endpoints 

including hatching and fledging success, clutch size, egg weight, egg volume, and 

nestling condition (nestling weight and size). 
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• To determine if the level of exposure of nestling starlings living close to sources 

of emissions from oil and gas facilities is sufficient to induce increased activity of 

detoxification enzymes (CYPIA), and increased presence of biliary metabolites of 

the contaminants of concern. 
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2.0 EFFECTS OF OIL AND GAS EMISSIONS ON REPRODUCTIVE 
PERFORMANCE IN THE EUROPEAN STARLING (STURNUS VULGARIS) 

2.1 Introduction 

In 2003, there were approximately 67 000 oil- and gas-well sites, and almost 600 

sweet- and sour-gas plants under the jurisdiction of the Alberta Energy and Utilities 

Board (Alberta Energy and Utilities Board, 2003). Several recent studies have 

investigated concerns regarding the potential health effects in livestock and humans of 

contaminant emissions from these facilities, especially airborne contaminants resulting 

from the incomplete combustion of flared gas (Scott et al., 2003a; Scott et al., 2003b; 

Scott et al. 2003c; Waldner, 2001; Waldner et al., 2001a; Waldner et al., 2001b; Strosher, 

1996). Incomplete combustion of flare gas occurs when inadequate gas-flow rates or 

insufficient mixing with oxygen results in widely variable combustion efficiencies. 

Crosswinds and liquids carried over from the knockout drums (designed to separate the 

liquid component of the gas) further decrease combustion efficiency. The products of 

incomplete combustion include large numbers of hydrocarbons, such as benzene, styrene, 

ethynyl benzene, naphthalene, ethynyl-methyl benzenes, toluene, xylenes, and 

acenaphthylene (Strosher, 1996); and in the case of sour gas also includes hydrogen 

sulfide (H2S) and various sulfur compounds. The inhalation toxicity of many of these 

contaminants has been described under laboratory conditions for rats and mice (Hayden 

et al., 2002; Custer et al., 2001; Partlo et al., 2001; Brenneman et al., 2000; Hass et al., 

28 



1999; Gumuslu et al., 1998; Kukner et al., 1998; Ono et al., 1996; Purcell et al., 1990). 

However, little is known about the toxicity of complex mixtures these contaminants to 

wildlife surrounding flaring sites and other oil and gas emission sources. Therefore, when 

a study was initiated to examine the health and reproductive effects of oil and gas 

emissions in beef cattle in Alberta, a parallel study of wildlife health and reproduction 

was also initiated. The use of wild species was intended to provide complementary 

information to that being collected as part of the livestock study. Assessment of 

reproductive success in wildlife has been used as an indicator to evaluate the impacts of 

numerous contaminants on surrounding ecosystems, and to assess the sustainability of 

those systems in the face of continued exposure (Bishop et al., 1999~ Custer et al., 1999~ 

Smits et al., 1999; Grasman et al., 1998). 

Many contaminants that result from incomplete combustion of petroleum 

hydrocarbons exhibit reproductive toxicity in mammals. Sulfur dioxide has been shown 

to cause neuromuscular alterations in developing fetuses (Singh, 1989), and genotoxic 

effects including meiotic inhibition (Jagiello et al., 1975), chromatid breaks, chromosome 

gaps, fragments and centric rings (Meng and Zhang, 1990). The reproductive effects of 

H2S include prolonged gestation (Hayden et al., 2002), and have been indirectly 

associated with increased abortion risk and stillbirth (Waldner et al., 2001a). Benzene 

exposure is largely associated with carcinogenic and genotoxic effects at the level of the 

chromosome (Farris et al., 1993; Ward Jr. et al., 1992; Au et al., 1991), along with 

hematopoietic effects leading to anemia (Abraham, 1996; Sabourin et al., 1990). Toluene 

can act as a potent reproductive toxicant with teratogenic and developmental effects 

(Donald et al., 1991; Wilkins-Haug, 1997) including lower birth weights, delayed reflex 
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development, impaired cognitive function (Hass et al., 1999), decreased sperm count, 

sperm quality and sperm activity (Ono et al., 1996), decreased epididymal weight, and 

increased fetal mortality (Ono et al., 1995; Ono et al., 1999). Similarly, m-xylene causes 

impaired growth and skeletal retardation in developing fetuses (Ungavary, 1990), 

embryotoxic effects (Ungavary et al., 1981 ), structural changes in liver tissue of neonates 

(Kukner et al., 1998), increased post-implantation loss, decreased mean fetal weight, and 

defects of ossification in the fetal skeleton (Mirkova et al., 1983). Most studies have 

involved laboratory mammals, with acute, high-dose exposures to individual 

contaminants, rather than chronic, low dose exposure to a mixture of contaminants, as is 

the case with animals living in proximity to oil and gas production and processing 

facilities. 

Wild bird species have frequently been used as indicators of environmental 

contamination (Custer et al., 2001; Custer et al., 2000; Trust, 2000; Bishop et al., 1999; 

Custer et al., 1999; Bishop et al., 1998; Grasman et al., 1998; Bosveld et al., 1995). Small 

passerine birds are sensitive to inhaled toxicants du~ to their unique respiratory 

physiology and anatomy, as they exhibit efficient oxygen (and simultaneously 

contaminant) uptake from inhaled air. Their relatively high metabolic rate allows for fast 

contaminant metabolism and excretion (Gill, 1995). In this study, a sentinel avian 

species, the European Starling (Sturnus vulgaris) was chosen to assess the reproductive 

effects of chronic exposure to oil and gas emissions in central Alberta. Starlings have 

been successfully used in the past as indicators of environmental contamination (Custer et 

al., 2001; Wolfe et al., 1998; Fryday et al., 1996; Fryday et al., 1995; Trust et al., 1994; 
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Hart, 1993 ). Their widespread distribution across the study area, and willingness to nest 

in pre-planned nest boxes made this species a suitable model. 

The objectives of this study were to assess whether increasing exposure to 

emissions from oil and gas facilities increased the risk of adverse reproductive effects in 

European Starlings as determined by changes in endpoints including hatching and 

fledging failure and nestling size and development. Clutch size, and mean egg weight and 

volume were also measured. Sulfur dioxide, hydrogen sulfide, benzene, and proximity to 

oil and gas well sites were selected as surrogates for exposure to emissions from 

petroleum facilities. 

2.2 Methods 

2.2.1 Site Selection 

For the first field season (April-August, 2001) a subset of 30 cattle ranches were 

identified from the total group of approximately 200 ranches participating in the beef 

cattle productivity study. The subset of ranches selected for the wildlife study was 

intended to represent sites with a wide range of exposure potential; from sites with a high 

surrounding density of oil and gas facilities and observed flaring, to ranches with little or 

no exposure to oil and gas facilities. In 2001, these sites were selected based on proximity 

to herd owner reported emission sources, since no passive air monitor data were available 

at the beginning of the first field season. Other criteria used to select the subset of ranches 

for participation in this study included: 1) a commitment by the producer to allow access 

to their pastures during two successive starling breeding seasons (summer, 2001 and 

2002), and to permit the placement of nest boxes on those pastures; 2) a high level of 
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produce~ interest in the project~ 3) location within geographically and ecologically 

homogeneous zones reduce potential effects of variable habitat type or quality, or 

climatic conditions, on reproductive success; and finally, 4) sites had to be located within 

a limited area, because study design required that all nest boxes be visited within a two 

day window. 

All 30 study sites used in the first field season were located at similar latitudes in 

a belt across central Alberta (51 oN to 53° N), with six control sites in central 

Saskatchewan (52° N). In 2002, sites in SK were dropped due to little or no nesting 

activity by starlings in these areas. In addition, some boxes were relocated short distances 

within the same general area to allow better access. All nest box locations used for the 

2001 and 2002 breeding seasons were located on an electronic map of western Canada 

containing the coordinates for all oil and gas batteries and gas processing plants known to 

the provincial regulatory agencies (Figure 1 a and 1 b). 

2.2.2 Exposure and Covariate Determination 

Emission sources 

The objective of this study was to determine if there was an association between 

avian reproductive success and exposure to emissions from oil and gas facilities in 

western Canada. Emission sources relevant to these activities include: 

• Intermittent wellhead activities, including well drilling and well servicing. Flaring 

and accidental releases can take place during these activities. 

• Normal wellhead operations, including fugitive leaks or emissions from well site 

flares, heaters, and dehydration facilities. 
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Figure 1 a. Nest box locations relative to major cities .in Alberta and Saskatchewan in 
2001. Each square symbol represents a farm location with 10 nest boxes on each farm (n 
= 30 farms, 300 nest boxes) 
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• Pipeline activities, including fugitive leaks or emissions from line heaters and 

compression facilities. 

• Processing batteries, with fugitive leaks and emissions from storage tanks, 

reboilers, flares, venting, compression, and dehydration facilities. 

• Gas processing plants, with fugitive leaks and emissions from storage tanks, 

heaters, reboilers, flares, compression, dehydration, and incineration facilities. 

Non-oil and -gas related activities that typically produce similar emissions include: 

• Farm equipment and vehicular traffic. 

• Fugitive emissions from fuel storage and handling facilities. 

• Other industrial facilities, such as power generation facilities and manufacturing 

plants. 

• Slash burning, agricultural burning, and forest fires 

Exposure to the measured compounds of interest (S02, H2S, benzene, toluene, 

ethyl benzene, m& p-xylenes, a-xylene, and hexane) from these sources is affected by 

factors such as distance and height of the emission source, airborne concentration of the 

emissions, weather, and terrain. Strategically located passive air monitors enabled 

measurement of exposure of local wildlife to these compounds at ambient conditions over 

specified time periods. All environmental data were entered into a geographic 

information system (GIS) (Arc View 3 .2, ESRI Business Information Solutions, 

Redlands, California, USA) with nest box locations. The GIS system was used to link 

outcome data to nest box exposure to airborne contaminants, derived from measures of 

air quality, oil and gas facility emissions and meteorological data. 
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Passive air monitoring approach 

Four primary approaches are used in air monitoring studies. 1) In real-time 

continuous monitoring, the hourly average concentration of particular contaminants is 

recorded by a digital data collection system (computer) or other storage medium (paper 

recorder). 2) Active integrated monitoring involves collecting samples of compounds 

over a particular time period, and assessing the concentration of those samples in a 

laboratory setting. 3) In grab sampling, a whole air sample is collected and analyzed in 

the laboratory to determine the concentration of compounds in the air sample. 4) With 

passive integrated monitoring, a reactive surface in a controlled diffusion path is exposed 

to ambient air for a period ranging from 24 hours to one month. The reactive surface is 

subsequently removed and analyzed in a chemical laboratory to determine the 

concentration of the compounds that have been trapped on the device. The method is 

termed passive because pumps are not drawing an air sample past a detector or through a 

collection medium. This latter technique was the approach used in this study. 

The passive air monitoring approach was selected because the wildlife study was 

nested within the larger cattle study, such that the principal objective of the air 

monitoring program was to determine representative emission exposures for up to 200 

cattle herds across western Canada. Due to pasture management practices, each herd may 

be located in 3 to 6 pastures, and the number of actively grazed pastures varies among 

herds, and with time of year. Therefore, air monitoring was required at 600 to 1200 

locations in rural areas over an 18-month period. Cost and logistical considerations 

favored the use of passive monitoring. 
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Each monitoring site was comprised of a shelter (to protect the samplers from rain 

and snow) housing three passive samplers that were installed upside down, to allow 

undisturbed air movement across the reactive surface. The S02, H2S, and VOC samplers 

were exposed for one month periods. At the completion of the exposure period, the 

samples were collected, sealed and shipped to the laboratory (R WDI Consulting, Calgary, 

AB) for analysis. Travel blanks (1 0% additional samplers transported to each site) were 

used to determine potential contamination sources associated with the process of field 

handling and transportation. In addition a minimum of 1 0% of the air monitoring sites 

contained duplicate samples, to assess precision. 

Monthly mean concentrations for S02, H2S, and the six identified VOCs (benzene, 

toluene, ethyl benzene, m& p-xylene, a-xylene, and hexane) were determined for each 

active air monit~ring station for each month of the study. For each nest box, a 1.6 km 

radius was established, and the passive monitors within that radius were identified. This 

radius was chosen based on the height of the emission stacks associated with emission 

facilities, and the maximum range of dispersion of compounds likely from that height 

(Waldner, 2001, Waldner et al., 2001a; Waldner et al., 200lb). The average 

concentrations of the contaminants collected on the monitors within 1.6 km of each nest 

box were determined in cases where there was more than one monitor within that area. If 

there was no monitor within that radius, the nearest monitor was used to provide 

exposure data. 

Flaring, Venting, and Proximity Data 

The government regulatory agencies from each province (Alberta Energy and 

Utilities Board and Saskatchewan Environment) provided records of oil and gas well site 

37 



locations for 2001 and 2002. The location and volume of gas flared and vented was 

obtained from the monthly disposition reports submitted by the operators of the battery 

sites for 2001 and 2002. All batteries reported to contain measurable hydrogen sulfide 

were classified as sour. 

The total number of oil and gas wells and batteries within a 1.6 km radius was 

determined as well as the number of gas plants within an 8.1 km radius for nest boxes in 

2001 and 2002. Information was also provided that enabled determination of the total 

volume of gas flared or vented within 1.6 km of each nest box for each month of the 

study, and the location and volume of gas flared from gas processing plants within an 8.1 

km radius of each nest box. 

Other risk factors for reproductive performance 

Nest boxes were located within various ecological·regions defined by vegetation, 

soil types, and meteorological conditions throughout Alberta. These 'ecoregions' 

determined by Environment Canada (Wiken, 1986), were linked to farm site using the 

GIS system. Daily meteorological data were obtained for all Environment Canada 

stations operational during April- June in 2001 and 2002. These data included mean 

daily temperature (°C), minimum daily temperature (°C), maximum daily temperature 

(°C), and total monthly precipitation (mm). Measurements of weather were considered 

important because they are likely to influence the reproductive outcomes examined 

(Dawson and Bortolotti, 2000). The GIS system was used to link the data from the closest 

meteorological station to each nest box for each month of the study. Average daily 

temperature was calculated for each nest box based on the days in each month that birds 

occupied the nest for each,period of interest. A time weighted average for total monthly 
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precipitation was calculated for each nest box based on the total number of days in each 

month that birds occupied the nest for each period of interest. Exposure periods relevant 

for specific outcomes of interest are described in the following section. 

Another potential covariate, nest box occupancy rate, was calculated for each 

farm as the number of nests with eggs compared with the total number of nests ( 10 on 

each farm). This was considered to account for the chance that starlings may choose not 

to nest in a particular area because of environmental contamination. 

Exposure assessment 

Exposure was assessed for each of the outcomes of interest from the beginning of 

the study period until measurement of the outcome. The primary unit of exposure was the 

nest box. Time weighted averages for all measurements of exposure were calculated for 

each nest box based on the total number of days in each month that birds occupied the 

nest for each period of interest. Period one (1) began seven days prior to laying date and 

ended on laying date. Laying date was defined as the date the penultimate egg was laid 

(also incubation initiation). This period began seven days prior to laying date because, 

before this time, the location and feeding range of breeding pairs was uncertain, so their 

potential exposure could not be determined. Outcomes pertaining to eggs, including 

clutch size and egg weight and volume, were assessed with exposures calculated in this 

period. Period two (2) began seven days prior to laying date and ended on hatching date. 

Only hatching failure was assessed with exposures calculated in this period. Finally, 

period three (3) began seven days prior to laying date and ended when nestlings were 19 

days post hatch (intended to correspond approximately with fledging of the brood). All 
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outcomes pertaining to nestlings, including fledging failure, nestling size and 

development, and nestling weight, were assessed with exposures calculated in this period. 

The average airborne S02 concentration for all monitors within a 1.6 km radius 

for each month was linked with each occupied nest box, resulting in a monthly exposure 

value for each nest box. This process was repeated to create separate exposure 

assessment files for H2S, and each of the VOCs. Analogous mean exposures were 

developed for proximity of nest boxes to gas wells, oil wells, and large field facilities, 

plus flared volume and sour-gas flared volume from both battery sites and gas processing 

plants and collection facilities, and finally total vented volume. 

All variables based on air monitor data were screened prior to inclusion in initial 

models. In order for a contaminant to be considered for further analysis, < 25% of the 

cumulative exposure measures could be below the quantifiable limit for that compound. 

The quantifiable limit was estimated as 3 times the minimum detection limit reported by 

the laboratory (Table 1 ). 

2.2.3 Reproductive Outcomes 

Nest Occupancy 

Nest boxes were constructed of plywood (1.59 em thickness, 43.2 em tall x 22.9 

em long x 20.3 em wide), and were located at a height of 3m on fence posts (attached to 

2X4 posts), trees, or power poles at various sites on the participating cattle ranches during 

April, 2001. Boxes were subsequently checked for signs of nest building every two or 

three days beginning on May 1, 2001. Beginning May 1, 2002, nests were cleaned out, 

and were checked for signs of nest building every two or three days. 
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Table 1. Minimum detection limits for compounds of interest 

Compound Minimum detection limit Units 

Sulfur dioxide 0.100 ppb 

Hydrogen sulfide 0.020 ppb 

Benzene 0.033 1J.glm3 

Ethyl benzene 0.014 1J.glm3 

Hexane 0.066 J.lglm3 

Toluene 0.024 1J.glm3 

m&p -Xylene 0.012 1-1g/m
3 

o -Xylene 0.035 1-1g/m3 
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Egg laying 

After the first egg was laid, the nest was monitored until the clutch was complete. 

Starlings lay one or two eggs each day, and generally begin incubation after the 

penultimate egg is laid. Once an average clutch of five eggs was complete (no additional 

egg after two consecutive visits) individual egg weight was determined using a hand held 

Pesola® spring scale (Pesola Ag, Baal, Switzerland) and egg length and width were 

measured with digital calipers. The measurement of length and width was subsequently 

used to calculate the volume of each egg using the formula (Hoyt, 1979): 

0.504 X Length X Width2 

If clutch size was less than five eggs, eggs were weighed and measured after one 

visit with no additional eggs. However, if more than five eggs were laid, the additional 

eggs were measured when discovered. 

Hatching and Fledging 

Once eggs were weighed and measured, the box was not re-visited until ten days 

after the laying date. The box was then checked again every two days to determine 

hatching date. Newly hatched starlings are distinctively red in color and completely 

naked, so hatch date can be determined with confidence. Nestlings were considered to be 

one day old on the day following hatching. The number of nestlings that successfully 

hatched was recorded, and unhatched eggs were removed from the nest. Nest boxes were 

revisited at 19 days post-hatching to measure chick weight and the length of the I 01
h 

primary feather as an indication of body size and development. In 2001, some boxes were 

not re-visited exactly 19 days post hatch, so nestlings ranged in age from 18 to 20 days 

old, and age was recorded for use in the analysis. In 2002, measurement of tarsal length 
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at 19 days post hatch was added as an additional indication of body size (Bradbury et al., 

1997). Finally, the number of surviving nestlings at 19 days post-hatch was used to 

determine the proportion of nestlings that failed to successfully fledge from the nest. 

2.2.4 Statistical Analysis 

To minimize the chance for Type I error, three outcomes were chosen to primarily 

represent reproductive performance. The outcomes hatching failure and fledging failure 

were chosen because of their potential importance for the population, and nestling size 

was chosen as a potential indicator of survival after fledging. Also, these outcomes were 

easily measured, and were considered to be the most reliable and reproducible among 

researchers. The remaining outcomes were considered as secondary, and were only 

examined for an association with exposure if the primary outcomes were significantly 

associated with the exposures measured to provide further explanation of any observed 

associations. The remaining measures of exposure to other VOCs were also ranked as 

secondary for the purposes of analysis based on previous literature reports and limitations 

in the range of concentrations measured during the study. The remaining measures of 

proximity and emissions were ranked as secondary after considering the observed range 

of values available for study, as well as variations in the reliability of some of these 

measures as indicated by the various regulatory agencies. 

Primary null statistical hypotheses 

1. There is no association between hatching failure (number of unsuccessfully hatched 

eggs/clutch size) and average airborne so2 concentration from 7 days prior to laying 

date to hatching date. 
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Other exposure variables examined included H2S and benzene concentrations, and the 

number of gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered included nest box occupancy rate, laying date, ambient 

temperature conditions (mean and minimum daily temperature), and total monthly 

rainfall. 

2. There is no association between failure to fledge (number of successfully hatched 

nestlings that are not alive at 19 days post hatch/number of nestlings successfully 

hatched) and average airborne so2 concentration from 7 days prior to laying date to 19 

days post hatch. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered included nest box occupancy rate, laying date, ambient 

temperature conditions (mean and minimum daily temperature), and total monthly 

rainfall. 

3. There is no association between nestling size and development and average airborne 

so2 concentration from 7 days prior to laying date to 19 days post hatch. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, nestling age, 

nestling sex, ambient temperature conditions (mean and minimum daily temperature), 

and total monthly rainfall. 
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Secondary null hypotheses 

4. There is no association between clutch size and average airborne S02 concentration 

from 7 days prior to laying date to laying date. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, laying date, 

ambient temperature conditions (mean and minimum daily temperature), and total 

monthly rainfall. 

5. There is no association between nestling body weight and average airborne S02 

concentration from 7 days prior to laying date to 19 days post hatch. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, nestling age, 

nestling sex, ambient temperature conditions (mean and minimum daily temperature), 

and total monthly rainfall. 

6. There is no association between egg weight and average airborne S02 concentration 

from 7 days prior to laying date to laying date. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, laying date, 

clutch size, ambient temperature conditions (mean and minimum daily temperature), 

and total monthly rainfall. 
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7. There is no association between egg volume and average airborne S02 concentration 

from 7 days prior to laying date to laying date. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, laying date, 

clutch size, ambient temperature conditions (mean and minimum daily temperature), 

and total monthly rainfall. 

8. There is no association between any of reproductive outcomes and the balance of 

contaminant variables of interest, including airborne toluene, ethyl benzene, m& p

xylene, a-xylene, and hexane concentrations, as well as the number of active gas 

wells, active oil wells, large field facilities, and total flared gas volume, sour-gas 

flared volume, and total vented volume. 

Other covariates considered in the model included nest box occupancy rate, laying 

date, clutch size, ambient temperature conditions (mean and minimum daily 

temperature), and total monthly rainfall. 

Modeling 

All data analysis, unless otherwise stated, was performed using the statistical 

software program MLwiN, ver. 1.1 (University of London, UK.). For clutch level 

outcomes, the unit of analysis was the individual nest box, while outcomes specific to 

nestlings were analyzed at the unit of the individual nestling within nest box. All models 

were developed recognizing the inherent hierarchical structure of the data. There were 

four potential levels of information within this data set: 

• individual nestlings which were located within 
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• nest boxes which were located on pastures of

• individual farms which were within 

• ecological regions defined by vegetation and soil types and meteorological 

conditions. 

A null model was created for each outcome variable prior to examination of any 

exposures or co variates. The importance of "farm" and "ecological region" as random 

effects was tested in MlwiN to assess clustering of each outcome at the upper levels of 

the data hierarchy. Farm and ecological region were only included in the final model as 

levels if the random effects had a P-value of less than 0.1 0. Clustering within nest box 

was included in all models because the power to test the significance of nest as a random 

effect is limited (particularly when n < 5 per nest), and clustering at the nest level is 

considered biologically plausible. 

All potential covariates were screened for inclusion in the final model by 

assessing the importance of their individual association with each primary outcome. 

Only the variables associated with each outcome with a P-value of less than 0.3 were 

considered for use in screening potential exposures. 

Each exposure variable was then sequentially assessed alone in a simple analysis 

with each outcome variable, and whatever random effects were considered important for 

that outcome as outlined in the primary and secondary hypotheses listed above. All 

primary exposure variables (S02, H2S, and benzene concentrations, and number of well 

sites) where the P-value was less than 0.3 were selected for further assessment. 

In the second step, this subset of exposure variables was introduced individually 

into a model containing only the covariates that survived the initial screening process 
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outlined above. A Bonferroni correction adjusted for experiment-wise error rate in each 

year, based on the number of primary hypotheses in each year, was used in developing 

the final model to minimize the potential for type I error associated with the multiple 

outcomes examined in this project. All exposure variables with a P-value of less than 

0.006 (significant P-value of 0.05 corrected for 3 primary hypotheses and 3 principal 

exposures- H2S was not measured during the 2001 breeding season) were considered 

statistically significant in 2001. All exposure variables with a P-value of less than 0.004 

(significant P-value of 0.05 corrected for 3 primary hypotheses and 4 principal 

exposures) were considered statistically significant in 2002. Any covariates acting as 

important confounders (either Pless than 0.05, or removal of the covariate from the 

model changed the effect estimate for the exposure by more than 1 0%) were also retained 

in the final modeL 

If more than one exposure was significant, the development of a final summary 

model was preceded by a descriptive assessment of the correlation structure between the 

screened exposure metrics. This assessment of correlation among the exposures of 

interest was necessary to minimize the problem of multicollinearity in the final model. 

Finally, the group of significant exposures was placed in a model with the covariates 

meeting the initial screening process and manual stepwise backwards regression was used 

to achieve a final model containing only those exposure variables where P is less than 

either 0.006 (2001) or 0.004 (2002) and any covariates acting as important confounders 

(either Pis less than 0.05 or removal of the covariate from the model changed the effect 

estimate for the exposure by more than 10% ). 
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The primary hypotheses were tested first. If they were not significant at the level 

specified above, modeling stopped and only descriptive statistics were reported for the 

remaining outcomes and exposures. If one of the primary hypotheses was significant, 

then modeling proceeded to consider additional outcomes and exposures as outlined in 

the secondary hypotheses above to further explore any significant primary findings. 

Models for discrete data 

Unconditional odds ratios (OR) with 95% confidence intervals (CI) were 

calculated to describe the statistical association between measures of exposure and 

measures of reproductive success summarized as proportions and coded as either "0"

(successful hatching or fledging) or "1" (failure of either hatching or fledging). 

Factors affecting the number of eggs hatching as a proportion of the total number 

of eggs laid were assessed using generalized linear mixed models (random effects logistic 

regression). The first exposure variable of interest was average airborne S02 

concentration, a continuous variable. Other exposure variables examined included H2S 

and benzene concentrations and the number of well sites within a 1.6 km radius of the 

nest box. Other exposure variables including the VOCs (toluene, ethylbenzene, m&p

xylene, a-xylene, and hexane) and various proximity measures for facility type and 

flaring and venting volume were considered as secondary hypothesis if any of the 

primary hypotheses were significant. This process was repeated to assess the association 

between outcome and number of nestlings that hatched but failed to survive to 19 days 

post hatch as a proportion of the total number hatching (fledging success). Other 

variables available for the analysis included laying date, nest box occupancy rate, sex, 

ambient temperature conditions (mean and minimum daily temperature), and total 
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monthly rainfall. The calculations were initially performed using second-order penalized 

quasi-likelihood estimates (PQL-2) using the RIGLS procedure in MLwiN and 

alternative approaches were considered depending on results obtained. 

Clutch size (a count outcome) was analyzed as a secondary hypothesis if indicated 

by a significant finding for any of the primary hypotheses as outlined above using 

generalized linear mixed models with a Poisson distribution. 

Models for continuous outcomes 

Size and development at fledging are continuous variables, as are the secondary 

outcomes including egg weight and volume and nestling weight at fledging. Factors 

affecting each reproductive endpoint which are continuous outcomes were examined 

using linear mixed models (linear regression models with random effects). The first 

exposure variable of interest was mean airborne S02 concentration, a continuous variable. 

Other exposure variables examined included H2S and benzene concentrations and number 

of well sites within a 1.6 km radius of the nest box. Other exposure variables including 

the VOCs (toluene, ethyl benzene, m&p-xylene, a-xylene, and hexane) and various 

proximity measures for facility type and flaring and venting volume were considered as 

secondary hypotheses if any of the primary hypotheses were significant. Other variables 

available for the analysis include laying date, nest box occupancy rate, clutch size, 

nestling age and sex, ambient temperature conditions (mean and minimum daily 

temperature), and total monthly rainfall. The calculations were performed using 

restricted maximum likelihood estimation (the restricted generalized iterative least

squares (RIGLS) algorithm in MLwiN). 
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Assessment of interaction 

After establishing a "final" main effect model, biologically reasonable first order 

interaction terms were added and assessed for their association with productivity 

outcomes. Interactions between significant exposures in the final models were examined 

where more than one exposure was significant, as were potential interactions between 

confounders of interest and exposure if more than one was significant in the final model. 

If the variables composing the significant product term were continuous, they were then 

centered on their mean and the regression analysis reanalyzed to make the interaction 

more meaningful. 

Model diagnostics 

Model diagnostics for random effects logistic regression models included visual 

examination ofthe raw and standardized residuals. The residuals were plotted against 

predicted values of each observation. All plots were examined starting at the highest and 

progressing through lower levels of aggregation to identify outliers and examine their 

influence on each model. 

The adequacy of models for continuous reproductive endpoints was evaluated 

using normal probability plots of residuals and plots of residuals vs. predicted values to 

check that assumptions of normality and homogeneity of variance were met. All plots 

were examined starting at the highest and progressing through lower levels of 

aggregation to identify outliers and examine their influence on each model. 
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2.3 Results 

2.3 .1 Contaminant Concentrations 

2001 Season 

Concentrations of S02 and the VOCs, and the proximity measures of oil and gas 

exposure were determined for each exposure period of interest in 2001 (Tables 2 and 3). 

For period 1 (the period beginning seven days prior to laying date and ending on laying 

date) airborne concentrations of S02, benzene, toluene, and m& p-xylene are reported, 

while> 25% of the nest box exposures for hexane, ethyl benzene, and a-xylene 

concentrations fell below the quantifiable limits, and were excluded from the analysis. 

For period 2 (the period beginning seven days prior to laying date and ending on hatching 

date) S02, hexane, benzene, toluene, and m& p-xylene are reported, while> 25% of the 

nest box exposures for ethylbenzene and a-xylene fell below quantifiable limits, so were 

excluded from the analysis. In the final period of interest, period 3 (from seven days prior 

to laying date to 19 days post hatching) all compounds, excluding a-xylene were used for 

analytical purposes. There was good to moderate correlation between the VOCs of 

interest, indicating that benzene is a reasonable index for many of the other VOCs . 

measured (Table 4). There was some correlation among various measures of proximity 

(Table 5). 

2002 Season 

In 2002, exposure concentrations of S02, H2S, and the representative VOCs, and 

proximity measures of oil and gas exposure were also determined for each exposure 

period of interest (Tables 6 and 7). In all periods of interest in 2002, all compounds, 

excluding ethyl benzene and, a-xylene (> 25% of nest box exposures were 
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Table 2. Descriptive summary of airborne contaminant exposures of nest boxes in the 
2001 breeding season for passive air monitors within a 1.6 km radius of each nest boxa (n 
= 143) 

Standard IQRb {Qercentiles} 97.5th 

Mean Deviation Median 25th 75th Qercentile 

Period 1c 

802 concentration (ppb) 0.582 0.182 0.557 0.480 0.672 0.916 

Benzene concentration {1Jg/m3
) 0.258 0.127 0.222 0.151 0.330 0.618 

Toluene concentration {1Jg/m3
) 0.289 0.154 0.264 0.158 0.403 0.755 

m, p-Xylene concentration (1Jg/m3
) 0.188 0.133 0.138 0.077 0.277 0.557 

Period 2d 

802 concentration (ppb) 0.591 0.186 0.588 0.472 0.680 0.967 

Benzene concentration (1Jg/m3
) 0.251 0.121 0.223 0.151 0.330 0.534 

Hexane concentration (1Jg/m3
) 0.786 0.994 0.390 0.264 0.994 5.186 

Toluene concentration {1Jg/m3
) 0.301 0.156 0.287 0.163 0.403 0.689 

m, p-Xylene concentration {1Jg/m3
) 0.187 0.127 0.139 0.087 0.270 0.514 

Period 3e 

802 concentration (ppb) 0.637 0.224 0.655 0.451 0. 751 1.120 

Benzene concentration (1Jg/m3
) 0.236 0.103 0.221 0.154 0.293 0.4 7 4 

Hexane concentration (1Jg/m3
) 1.086 0.967 0.665 0.412 1.493 4.305 

Toluene concentration {1Jg/m3
) 0.365 0.135 0.366 0.266 0.448 0.629 

Ethylbenzene concentration (1Jg/m3
) 0.077 0.036 0.067 0.050 0.103 0.150 

m, p-Xylene concentration (1Jg/m3
) 0.194 0.104 0.167 0.113 0.254 0.444 

8 0nly exposures with> 25% of the values above the quantifiable limit (estimated as 3 times the 
detectable limit) are reported here 
blnterquartile range 
cThe period beginning seven days prior to laying date and ending on laying date 

dThe period from beginning seven days prior to laying date and ending on hatching date 

eThe Qeriod from beginning seven days Qrior to laying date and ending 19 days QOSt hatch 
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Table 3. Descriptive summary of proximity of nest boxes to oil and gas facilities in the 
200 I breeding season (n = 140) 

Standard IQRa {Qercentiles} 97.5th 

Mean Deviation Median 25th 75th Qercentil 

Number of oil and gas well sitesb 4.1 6.2 3.0 1.0 5.0 24.4 . 

Number of battery sites (total)b 0.6 1.1 0.0 0.0 1.0 3.4 

Number of large field facilities (gas plants)c 2.6 2.2 2.0 1.0 3.0 9.0 

Number of large field facilities (gas gathering system) 1.9 1.6 2.0 1.0 2.0 7.0 

Period 1d 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 1.02 7.00 0.00 0.00 0.00 6.66 

Total volume of gas vented (X 103 m3
) 1.01 8.35 0.00 0.00 0.00 0.70 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 103 m3
) 20.70 47.39 0.00 0.00 0.00 137.40 

Gas gathering systems (X 103 m3
) 0.05 0.20 0.00 0.00 0.00 1.00 

Period 2e 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 1.02 7.00 0.00 0.00 0.00 6.48 

Total volume of gas vented (X 103 m3
) 1.04 8.55 0.00 0.00 0.00 0.67 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 1 03 m3
) 23.10 54.59 0.00 0.00 0.00 216.77 

Gas gathering systems (X 1 03 m3
) 0.090 0.37 0.00 0.00 0.00 1.45 

Period 3f 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 0.96 6.52 0.00 0.00 0.00 6.07 

Total volume of gas vented (X 103 m3
) 1.09 8.91 0.00 0.00 0.00 0.54 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 1 03 m3
) 30.94 68.96 0.00 0.00 12.04 252.49 

Gas gathering s~stems {X 1 03 m3
} 0.20 0.92 0.00 0.00 0.00 4.78 

8 lnterquartile range 
bWithin a 1.6 km radius of nest box location 

cWithin a 8.1 km radius of nest box location 

dThe period beginning seven days prior to laying date and ending on laying date 

eThe period beginning seven days prior to laying date and ending on hatching date 

tThe Qeriod beginning seven da~s Qrior to la~ing date and ending 19 da~s QOSt hatch 
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Table 4. Correlation among airborne contaminant exposures of nest boxes in the 2001 
breeding season for passive air monitors within a 1.6 km radius of each nest box 
(Spearman's correlation coefficients (p )) 

so2 Hexane Benzene Toluene Ethylbenzene m&e-xylene 

so2 p 1 0.144** -0.053 0.186** 0.190** 0.247** 
Sig. (2-tailed) 0.000 0.166 0.000 0.000 0.000 

N 692 692 692 692 692 692 

Hexane p 0.144** 0.670** 0.579** 0.778** 0.741** 
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 
N 692 692 692 692 692 692 

Benzene p -0.053 0.670** 1 0.675** 0.672** 0.720** 

Sig. (2-tailed) 0.166 0.000 0.000 0.000 0.000 

N 692 692 692 692 692 692 

Toluene p 0.186** 0.579** 0.675** 0.836** 0.829** 

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 

N 692 692 692 692 692 692 

Ethyl benzene p 0.190** 0.778** 0.672** 0.836** 1 0.968** 
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 
N 692 692 692 692 692 692 

m&p-xylene p 0.247** 0.741** 0.720** 0.829** 0.968** 1 

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 
N 692 692 692 692 692 692 

**Correlation is significant at the 0.01 level {2-tailed} 
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Table 5. Correlation among proximity measurements of nest boxes to oil and gas 
facilities in the 2001 breeding season (Spearman's correlation coefficients (p )) 

Well Battery Battery Battery Plant Plant 
sites flared vented sites flared sites 

Well sitesa p 0.317** 0.136 0.283** 0.138 0.380** 
Sig. (2-tailed) 0.000 0.108 0.001 0.103 0.000 
N 140 140 140 140 140 140 

Battery flaredb p 0.317** 1 0.387** 0.361 ** -0.187* -0.046 
Sig. (2-tailed) 0.000 0.000 0.000 0.027 0.587 
N 140 140 140 140 140 140 

Battery ventedc p 0.136 0.387** 1 0.331** -0.102 -0.065 
Sig. (2-tailed) 0.108 0.000 0.000 0.229 0.446 
N 140 140 140 140 140 140 

Battery sitesd p 0.283** 0.361** 0.331 ** 1 -0.214* 0.015 
Sig. (2-tailed) 0.001 0.000 0.000 0.011 0.862 
N 140 140 140 140 140 140 

Plant flarede p 0.138 -0.187* -0.102 -0.214* 0.390** 
Sig. (2-tailed) 0.103 0.027 0.229 0.011 0.000 
N 140 140 140 140 140 140 

Plant sitesf p 0.380** -0.046 -0.065 0.015 0.390** 1 
Sig. (2-tailed) 0.000 0.587 0.446 0.862 0.000 
N 140 140 140 140 140 140 

*Correlation is significant at the 0.05 level (2-tailed) 
**Correlation is significant at the 0.01 level (2-tailed) 
8 Number of well sites within a 1.6 km radius of the nest box 
bTotal volume of gas flared from battery sites within a 1.6 km radius of the nest box (X 103 m3

} 

cTotal volume of gas vented from battery sites within a 1.6 km radius of the nest box (X 103 m3
) 

dNumber of battery sites within a 1.6 km radius of the nest box 
eTotal volume of gas flared from large field facilities within a 8.1 km radius of the nest box (X 10

3 
m3

) 

tNumber of large field facilities within a 8.1 km radius of the nest box 
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Table 6. Descriptive summary of airborne contaminant exposures of nest boxes in the 
2002 breeding season for passive air monitors within a 1.6 km radius of each nest boxa (n 
= 128) 

Standard IQRb {~ercentiles} 97.5th 

Mean Deviation Median 25th 75th ~ercentile 

Period 1c 

S02 concentration (ppb) 0.562 0.207 0.562 0.430 0.700 1.128 

H2S concentration (ppb) 0.144 0.126 0.116 0.103 0.142 0.537 

Benzene concentration (~g/m3) 0.330 0.088 0.296 0.257 0.422 0.483 
Hexane concentration (~g/m3) 0.982 0.799 0.779 0.451 1.285 3.482 

Toluene concentration (~g/m3) 0.253 0.159 0.236 0.117 0.371 0.542 

m, p-Xylene concentration (~g/m3) 0.058 0.027 0.051 0.040 0.067 0.122 
Period 2d 

S02 concentration (ppb) 0.569 0.216 0.562 0.430 0.702 1.147 

H2S concentration (ppb) 0.143 0.126 0.114 0.103 0.140 0.537 

Benzene concentration (~g/m3) 0.325 0.090 0.296 0.256 0.417 0.482 

Hexane concentration (~g/m3) 1.084 0.902 0.825 0.489 1.314 4.078 

Toluene concentration (~g/m3 ) 0.256 0.154 0.254 0.140 0.362 0.531 

m, p-Xylene concentration (~g/m3) 0.061 0.028 0.055 0.041 0.073 0.126 

Period 39 

S02 concentration (ppb) 0.632 0.273 0.559 0.435 0.761 1.358 

H2S concentration (ppb) 0.150 0.136 0.112 0.099 0.145 0.573 

Benzene concentration (~g/m3) 0.259 0.095 0.233 0.179 0.333 0.427 

Hexane concentration (~g/m3) 1.501 0.136 1.039 0.568 1.571 10.411 

Toluene concentration (~g/m3) 0.282 0.158 0.263 0.182 0.387 0.772 

m, e-X~Iene concentration {l:!g/m3
} 0.081 0.045 0.076 0.050 0.091 0.248 

8 0nly exposures with > 25% of the values above the quantifiable limit (3 times the detectable limit) are 
reported here 
blnterquartile range 
cThe period beginning seven days prior to laying date and ending on laying date 

dThe period beginning seven days prior to laying date and ending on hatching date 
9
The ~eriod beginning seven da~s Qrior to la~ing date and ending 19 da~s QOSt hatch 
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Table 7. Descriptive summary of proximity of nest boxes to oil and gas facilities in the 
2002 breeding season (n = 128) 

Standard IQRa (~ercentiles} 97.5th 

Mean Deviation Median 25th 75th ~ercentile 

Number of oil and gas well sitesb 4.1 5.2 3.0 1.0 5.0 20.8 

Number of battery sites (total)b 0.8 1.2 0.0 0.0 1.0 4.0 

Number of large field facilities (gas plants)c 3.9 2.5 4.5 2.0 6.0 9.0 
Number of large field facilities (gas gathering systems) 2.6 2.0 . 3.0 1.0 4.0 6.0 

Period 1d 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 4.51 12.98 0.00 0.00 0.00 32.56 

Total volume of gas vented (X 103 m3
) 0.77 7.50 0.00 0.00 0.00 3.94 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 1 03 m3
) 63.15 150.21 0.00 0.00 10.80 455.70 

Gas gathering systems (X 1 03 m3
) 2.64 11.95 0.00 0.00 0.00 56.30 

Period 2e 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 4.51 12.98 0.00 0.00 0.00 32.56 

Total volume of gas vented (X 103 m3
) 0.77 7.50 0.00 0.00 0.00 3.93 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 1 03 m3
) 61.96 145.38 0.00 0.00 13.39 455.70 

Gas gathering systems (X 1 03 m3
) 2.64 11.947 0.00 0.00 0.00 56.30 

Period 3t 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 4.16 13.06 0.00 0.00 0.00 32.17 

Total volume of gas vented (X 103 m3
) 0.74 7.16 0.00 0.00 0.00 3.89 

Large Field Facilities (total volume of gas flared): 

Gas plants (X 103 m3
) 46.18 100.93 0.00 0.00 20.39 317.97 

Gas gathering systems (X 1 03 m3
} 2.64 11.96 0.00 0.00 0.00 56.34 

alnterquartile range 
bWithin a 1.6 km radius of nest box location 

cWithin a 8.1 km radius of nest box location 

dThe period beginning seven days prior to laying date and ending on laying date 

eThe period beginning seven days prior to laying date and ending on hatching date 

tThe ~eriod beginning seven days erior to laying date and ending 19 days ~ost hatch 

58 



below quantifiable limits), are reported in the analysis. There was moderate correlation 

among the VOCs in 2002, and between S02 and H2S (Table 8). There was some 

measurable correlation among a few measures of proximity in 2002 (Table 9). 

2.3.2 Covariates 

In both 2001 and 2002, other factors considered to potentially affect the analysis 

of the reproductive outcome variables were measured for each site. Data were collected 

on total monthly precipitation (mm), ambient air temperature (minimum and average 

measured in °C), and nest occupancy rate grouped at the farm level in 2001 (Table 1 0) 

and in 2002 (Table 11). There was no association between nest occupancy rate and the 

various exposure measures in either 2001 or 2002, either alone or after adjusting for 

meteorological conditions (P > 0.05). The distribution of nests in the five ecological 

regions for 2001 and 2002 were, respectively, 12 and 4 nests in the moist mixed 

grassland region, 67 and 61 nests in the aspen parkland region, 39 and 40 nests in the 

boreal transition region, 17 and 18 nests in the fescue grassland region, and 5 and 4 nests 

in the western Alberta upland region. 

The study area across central Alberta experienced drought conditions both during 

the growing season and in total annual precipitation in 2001 and 2002. According to 

Prairie Farm Rehabilitation Administration (PFRA division, Agriculture and Agri-Food 

Canada) data, in 2001 all but two nest sites were located in areas receiving 'below 

average' (60-85% of long-term average) precipitation for the 2001 growing season. The 

remaining two sites were located in areas receiving 'average' precipitation (85- 115o/o of 
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Table 8. Correlation among airborne contaminant exposures of nest boxes in the 2002 
breeding season for passive air monitors within a 1.6 km radius of each nest box 
(Spearman's correlation coefficients (p)) 

802 H28 Hexane Benzene Toluene m&~-X:ilene 

802 p 1 0.629** -0.547** -0.249** -0.053 0.221 ** 
8ig. (2-tailed) 0.000 0.000 0.000 0.163 0.000 
N 691 691 691 691 691 691 

H28 p 0.629** -0.602** -0.391 ** -0.342** -0.012 
8ig. (2-tailed) 0.000 0.000 0.000 0.000 0.746 
N 691 691 691 691 691 691 

Hexane p -0.547** -0.602** 0.458** 0.471 ** 0.274** 
8ig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 
N 691 691 691 691 691 691 

Benzene p -0.249** -0.391 ** 0.458** 0.768** 0.537** 
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 
N 691 691 691 691 691 691 

Toluene p -0.053 -0.342** 0.471 ** 0.768** 0.775** 
Sig. (2-tailed) 0.163 0.000 0.000 0.000 0.000 
N 691 691 691 691 691 691 

m&p-xylene p 0.221 ** -0.012 0.274** 0.537** 0.775** 
Sig. (2-tailed) 0.000 0.746 0.000 0.000 0.000 
N 691 691 691 691 691 691 

**Correlation is significant at the 0.01 level {2-tailed}. 
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Table 9. Correlation among proximity measurements of nest boxes to oil and gas 
facilities in the 2002 breeding season (Spearman's correlation coefficients (p )) 

Well Battery Plant Battery Plant Battery 
sites sites sites flared flared vented 

Well sitesa p 0.351 0.089 0.431 0.049 0.209 
Sig. (2-tailed) 0.000 0.317 0.000 0.582 0.018 
N 128 128 128 128 128 128 

Battery sitesb p 0.351 0.268 0.444 -0.363 0.294 
Sig. (2-tailed) 0.000 0.002 0.000 . 0.000 0.001 
N 128 128 128 128 128 128 

Plant sitesc p 0.089 0.268 1 0.013 -0.076 0.088 
Sig. (2-tailed) 0.317 0.002 0.886 0.396 0.324 
N 128 128 128 128 128 128 

Battery flaredd p 0.431 0.444 0.013 -0.289 0.130 
Sig. (2-tailed) 0.000 0.000 0.886 0.001 0.145 
N 128 128 128 128 128 128 

Plant flarede p 0.049 -0.363 -0.076 -0.289 1 -0.062 
Sig. (2-tailed) 0.582 0.000 0.396 0.001 0.486 
N 128 128 128 128 128 128 

Battery ventedt p 0.209 0.294 0.088 0.130 -0.062 
Sig. (2-tailed) 0.018 0.001 0.324 0.145 0.486 
N 128 128 128 128 128 128 

**Correlation is significant at the 0.01 level (2-tailed) 
*Correlation is significant at the 0.05 level (2-tailed) 
8 Number of well sites within a 1.6 km radius of the nest box 
bNumber of battery sites within a 1.6 m radius of the nest box 
eN umber of large field facilities within a 8.1 km radius of the nest box 
dTotal volume of gas flared from battery sites within a 1.6 km radius of the nest box (X 103 m3

) 

eTotal volume of gas flared from large field facilities within a 8.1 km radius of the nest box (X 
103 m3

) . 

tTotal volume of gas vented from batte~ sites within a 1.6 km radius of the nest box (X 103 m3
} 
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Table 10. Descriptive summary of meteorological data and nest box occupancy rate in 
2001 

Standard IQR 
Covariates Mean Deviation Median 25th percentile 75th percentile 

Period 1a 
Average Temperature (°C) 10.4 2.0 10.4 9.1 11.3 

Minimum Temperature (°C) 6.5 1.7 6.3 5.3 7.3 
Total precipitation (mm) 27.5 9.3 22.0 22.0 33.6 

Nest occupancy rated 0.68 0.26 0.80 0.43 0.90 
Period 2b 

Average Temperature CC) 11.8 1.2 12.0 11.2 12.5 
Minimum Temperature (°C) 6.0 1.2 5.8 5.3 6.7 

Total precipitation (mm) 32.9 15.4 27.6 22.0 37.6 

Nest occupancy rated 0.68 0.26 0.80 0.43 0.90 
Period 3c 

Average Temperature (°C) 12.1 0.9 11.8 11.5 12.7 
Minimum Temperature (°C) 5.9 1.3 5.3 5.3 6.7 

Total precipitation (mm) 56.8 16.1 57.2 47.5 64.0 

Nest occupancy rated 0.68 0.26 0.80 0.43 0.90 

aThe period beginning seven days prior to laying date and ending on laying date 

·bThe period beginning seven days prior to laying date and ending on hatching date 

cThe period beginning seven days prior to laying date and ending 19 days post hatch 

dPercentage of boxes occupied per farm (# boxes occupied/1 0 total boxes per farm) 
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Table 11. Descriptive summary of meteorological data and nest box occupancy rate in 
2002 

Standard IQR 
Covariates Mean Deviation Median 25th percentile 75th percentile 

Period 1a 
Average Temperature (°C) 9.0 8.3 1.1 8.1 7.8 

Minimum Temperature CC) 4.3 3.6 1.5 3.3 3.3 
Total precipitation (mm) 63.7 46.0 23.0 63.7 42.0 

Nest occupancy rated 0.90 0.76 0.22 0.80 0.70 
Period 2b 

Average Temperature (°C) 10.0 9.8 0.9 9.6 9.4 
Minimum Temperature (°C) 2.8 1.6 1.5 1.5 0.3 

Total precipitation (mm) 62.4 45.0 22.5 57.9 39.2 

Nest occupancy rated 0.90 0.76 0.22 0.80 0.70 
Period 3c 

Average Temperature (°C) 11.6 1.0 11.2 10.9 11.7 
Minimum Temperature (°C) 1.6 1.5 1.5 0.3 2.8 

Total precipitation (mm) 36.9 16.1 48.1 31.7 50.0 

Nest occupancy rated 0.76 0.22 0.80 0.70 0.90 

aThe period beginning seven days prior to laying date and ending on laying date 

bThe period beginning seven days prior to laying date and ending on hatching date 

cThe period beginning seven days prior to laying date and ending 19 days post hatch 

dPercentage of boxes occupied per farm (#boxes occupied/1 0 total boxes per farm) 
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long-term average). In 2002, nesting sites were equally distributed between the 'below 

average' and 'well below average' (40-60% of long-term average) precipitation classes. 

2.3.3 Summary of Outcomes 

In 2001, there were 300 boxes on 30 farms available for occupation and in 2002, 

there were 240 boxes on 24 farms available for occupation. Nest productivity across all 

study sites for 2001 is described in Table 12 and for 2002 in Table 13. 

2.3 .4 Hatching and Fledging Failure 

2001 Season 

The number of eggs that failed to hatch compared to total number of eggs laid 

was not associated with mean airborne S02 concentration (ppb ), mean benzene 

concentration (J..lg/m3
), or proximity of oil and gas well sites (number within a 1.6 km 

radius of the nest box) from the period beginning seven days prior to laying date to 

hatching date (Table 14). Based on the inclusion rules to the final model outlined in the 

methods section, benzene and number of well sites were each combined separately with 

laying date, nest occupancy rate, total monthly precipitation, and minimum temperature 

in models to determine important predictors of not hatching. Total monthly precipitation 

was the only risk factor for this outcome (OR 1.08, 95% CI 1.03 - 1.12, P < 0.001 ). 
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Table 12. Descriptive summary of productivity outcomes for breeding starlings in 2001 

Standard IQR 

Productivity outcome Farms Nests Samples (n) Mean Deviation Median 25th percentile 75th percentile 
Primary outcomes 
Hatchabilitl 26 136 692 (eggs) 0.88 0.18 1.00 0.80 1.00 
Fledgingb 24 94 420 (nestlings) 0.77 0.35 1.00 0.73 1.00 

1oth primary feather length (mm) 26 74 161 (nestlings) 63.8 12.6 62.0 57.0 67.0 
Supporting outcomes 
Clutch size 27 136 140 (clutches) 4.94 1.14 5 4.25 6 
Egg weight (g) 26 127 129c (clutches) 6.47 0.57 6.50 6.17 6.90 

Egg volume (cm3
) 26 127 129c (clutches) 6.45 0.47 6.48 6.17 6.79 

Nestling weight {g} 26 69 264 {nestlings} 75.04 5.68 75.00 72.00 78.00 
8 Number of eggs successfully hatched/total riumber of eggs in clutch 

0\ bNumber of nestlings alive 19 days post hatch/number of eggs successfully hatched 
Vl cln two nests, eggs were re-laid and the second clutch was also considered in the analysis 
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Table 13. Descriptive summary of productivity outcomes for breeding starlings in 2002 

Standard IQR 

Productivity outcome Farms Nests Samples (n) Mean deviation Median 25th percentile 75th percentile 
Primary outcomes 
Hatchabilitl 
Fledgingb 

Nestling size (mm)c 
Nestling size (mm)ct 
Supporting outcomes 

22 
22 

20 
20 

128 
104 

93 
93 

691 (eggs) 0.78 0.32 
507 (nestlings) 0.84 0.28 
248 (nestlings) 62.93 3.39 
248 (nestlings) 28.27 2.48 

Clutch size 22 128 128 (clutches) 5.40 1.23 
Egg weight (g) 22 120 120 (clutches) 6.84 0.53 
Egg volume (cm3

) 22 119 119 (clutches) 6.48 0.52 
Nestling weight (g) 21 93 385 (nestlings) 75.01 5. 72 
8 Number of eggs successfully hatched/total number of eggs in clutch · 
bNumber of nestlings alive 19 days post hatch/number of eggs successfully hatched 
cBased on measurement of the 1Oth primary wing feather 
ctBased on measurement of the tarsal length 

0.86 
1.00 

63.0 
28.0 

6 
6.84 
6.55 
75.00 

0.73 
0.80 
61.0 
27.0 

5 
6.50 
6.08 
72.00 

1.00 
1.00 
65.0 
29.0 

6 
7.21 
6.80 
78.00 



Table 14. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 2a and the odds of not hatching in 2001 b 

Variable 
Risk Factors 

S02 concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of oil and gas well sitesd 
Supporting Predictors 

Odds Ratio 
(OR) 

5.01 

0.01 
0.93 

95% Confidence interval for OR 
Lower Upper 

0.16 

0.00001 
0.82 

160.65 

2.07 
1.06 

Lay date 1.14 1.04 1.24 
Nest occupancy rate 4.55 0.37 56.63 

Total precipitation (mm)e 1.08 1.03 1.11 
Minimum Temperature (°C) 1.57 0.95 2.59 
Average Temperature CC) 1.32 0.86 2.03 

8The period beginning seven days prior to laying date and ending on hatching date 
bData are structured as a two level model with egg (the unit of analysis) within nest box 
cp < 0.006 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box . 

P-valuec 

0.36 

0.08 
0.30 

0.004 
0.24 

< 0.001 
0.08 
0.20 

eln the final model, total precipitation remains the only significant predictor of change in hatchability 
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Similar to hatching failure, failure to fledge, determined as the number of 

nestlings that were lost between hatching and 19 days post hatch compared to number of 

nestlings successfully hatched, was not significantly related to mean airborne S02 

concentration (ppb ), mean benzene concentration (J..Lg/m3
), or proximity of oil and gas 

well sites from the period beginning seven days prior to laying date and ending 19 days 

post hatch (Table 15). Although mean benzene concentration, laying date, and minimum 

temperature were considered in a final model, none of these variables were useful 

predictors of chick failure to fledge. 

2002 Season 

Failure to hatch was not significantly associated with mean airborne S02 

concentration (ppb ), H2S (ppb ), or benzene concentrations (J..Lg/m3
) from the period 

beginning seven days prior to laying date to hatching date, or to proximity of oil and gas 

well sites (Table 16). Benzene and proximity of oil and gas well sites were examined 

separately with laying date for an association with failure to hatch. However, after 

correcting for experiment-wise error rate, there remained no significant variable related to 

this outcome. Although not statistically significant, the association between proximity of 

oil and gas well sites and not hatching was significantly strong to warrant further 

exploration of the association. 
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Table 15. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 3a and the odds of not fledging in 2001 b 

Variable 
Risk Factors 

802 concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of oil and gas well sitesd 
Supporting predictors 

Odds Ratio 
(OR) 

5.81 

0.001 

1.00 

95% Confidence interval for OR 
Lower Upper 

0.01 

< 0.00001 

0.94 

3499.45 

89.47 

1.05 

P-valuec 

0.59 

0.23 

0.90 

Lay date 0.95 0.88 1.02 0.15 
Nest occupancy rate 3.21 0.06 172.05 0.57 

Total precipitation (mm) 1.01 0.92 1.11 1.00 
Minimum Temperature (°C) 0.78 0.53 1.13 0.19 
Average Temperature (°C) 0.96 0.20 4.48 0.96 

aThe period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a two level model with nestling (the unit of analysis) within nest box 
cP< 0.006 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 

Table 16. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 2a and the odds of not hatching in 2002b 

Variable 
Risk Factors 

802 concentration (ppb) 

H28 concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 

Odds Ratio 
(OR) 

1.17 

-1.22 

0.001 

1.19 

95% Confidence interval for OR 
Lower Upper 

0.03 

0.07 

< 0.00001 

1.02 

46.57 

21-.42 

22.70 

1.39 

P-valuec 

0.93 

0.89 

0.18 

·0.03 

Lay date 1.12 0.96 1.29 0.15 
Nest occupancy rate 1.49 0.04 53.30 0.83 

Total precipitation (mm) 1.00 0.97 1.04 0.88 
Minimum Temperature (°C) 0.84 0.49 1.46 0.54 
Average Temperature (°C) 1.18 0.51 2.72 0.70 

aThe period beginning seven days prior to laying date and ending on hatching date 
bData are structured as a three level model with egg (the unit of analysis) with in nest box within 
farm 
cp < 0.004 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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The odds of not hatching was compared to well sites as a categorical variable to 

determine if a threshold effect was occurring above which (some number of well sites), 

the association between not hatching and proximity would become clearer. The number 

of oil and gas well sites within a 1.6 km radius of the nest box was categorized into four 

distinct groups based on natural breaks in the data determined from a histogram: 1) No 

well sites (n = 22), 2) One to six well sites (n = 84), 3) Greater than six and less than 18 

well sites (n = 18), and 4) Greater than 18 well sites (n = 4). However, no significant 

association was found between any category of number of well sites and failure to hatch 

after correction for experiment-wise error rate. There is not a simple linear relationship 

between number of well sites and the log-odds of not hatching (Table 17). 

In order to investigate the difference in association between total monthly 

precipitation and hatchability in 2002 compared with 2001, a comparison was made 

between the ranges of precipitation values in each of those years (Figure 2). Although 

total monthly precipitation was generally higher in 2002, there were more outliers at very 

high levels in 2001, suggesting a broader range of pr:ecipitation on a least a few sites. 

Similar to the odds of not hatching, failure to fledge was not significantly related 

to mean airborne S02 concentration (ppb ), H2S (ppb ), or benzene concentrations (J..tg/m3
) 

from the period beginning seven days prior to laying date and ending 19 days post hatch, 
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Table 17. Univariable association between proximity to oil and gas well sites and the 
odds of not hatching in 2002a 

Variable 
Risk Factors 

Odds 
Ratio (OR) 

95% Confidence interval for OR 
Lower Upper P-valueb 

Numberofwell sites (0.1-6)c 5.47 0.72 41.58 0.10 

Numberofwellsites(6.1-18)d 17.32 1.19 252.97 0.04 

Numberofwellsites(18.1-maxt 211.45 4.05 11040.00 0.008 
aData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
bp < 0.004 is considered significant after adjusting for experiment-wise error rate 

cGreater than zero and less than six well sites within a 1.6 km radius of the nest box 

dGreater than six and less than 18 well sites within a 1. 6 km radius of the nest box 

eGreater than 18 well sites within a 1.6 km radius of the nest box 

120 
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Figure 2. Comparative range of total precipitation (mm) in 2001 and 2002 for the 
hatching period (beginning seven days prior to laying and ending on hatching date). 
Horizontal limits define upper and lower quartiles enclosing 50% of the data. Vertical 
lines extend to the 2.5th percentile and 97.5th percentile. Open circles depict outliers, 
while the star depicts an extreme value. 
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or to proximity of oil and gas well sites (Table 18). In the final model, although mean 

S02 (OR 0.74, 95% CI 0.12- 4.78, P = 0.76), H2S (OR 42.69, 95% CI 2.56-710.95, P 

= 0.009), and benzene (OR 0.28, 95o/o CI 0.0003-299.13, P = 0.72) concentration were 

included with average temperature (OR 0.84, 95o/o CI 0.49- 1.43, P = 0.51), none of 

these remained in the model as significant predictors of not fledging. 

2.3.5 Nestling Development and Size 

. 2001 Breeding season 

Length of the 1oth primary wing feather, was not related to mean airborne S02 

(ppb ), or benzene (J..tg/m3
) concentrations from the period beginning seven days prior to 

laying date to 19 days post hatch in 2001, or to proximity of oil and gas well sites (Table 

19). In the final model, although S02 concentration(~ -1.23, 95% CI -2.45 to -0.002, P = 

0.05), laying date (~ -0.08, 95o/o CI -0.13 - 0.04, P = 0.0006), nest occupancy rate(~ -

0.17, 95% CI -1.93- 1.59, P = 0.85), sex (male:female ~ 0.14, 95o/o CI -0.38-0.66, P = 

0.35) total monthly precipitation, and average temperature were considered together, only 

total monthly precipitation(~ -0.03, 95o/o CI -0.05 to -0.02, P < 0.0001) and average 

temperature (~ 0.26, 95% CI 0.02- 0.51, P = 0.04) were associated with 1oth primary 

feather length (Table 20). 

2002 Breeding season 

Both primary feather length and tarsal length were measured in 2002. Length of 

the 1oth primary feather was not associated with mean S02 (ppb ), H2S (ppb) or benzene 

(J..tg/m3
) concentrations from the period beginning seven days prior to laying date to 19 

days post hatch, or to proximity of oil and gas well sites (Table 21 ). Nest occupancy 
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Table 18. Univariable associations between mean contaminant exposures plus supporting 
predictors for period 3a and the odds of not fledging in 2002b 

Variable 
Risk Factors 

S02 concentration (ppb) 

H2S concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 

Odds Ratio 
(OR) 

2.82 

42.69 

0.005 

1.04 

95% Confidence interval for OR 
Lower Upper P-valuec 

0.60 

2.56 

0.0001 

0.93 

13.31 

710.95 

0.23 

1.16 

0.19 

0.009 

0.007 

0.47 

Lay date 0.94 0.80 1.11 0.46 
Nest occupancy rate 0.48 0.08 3.02 0.43 
Total precipitation (mm) · 0.99 0.96 1.01 0.37 
Minimum Temperature (°C) 1.20 0.92 1.58 0.18 
Average Temperature (°C) 1.41 0.92 2.16 0.11 
8The period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a two level model with nestling (the unit of analysis) within nest box 
cp < 0.004 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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Table I9. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 3a and length of I oth primary feather (em) at I9 days post 
hatch in 200 I b 

Variable 
Risk Factors 

so2 concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of oil and gas well sitesd 
Covariates 

Regression 
Coefficient (J3) 

-1.59 

-1.24 

-0.01 

95% Confidence interval for (3 
Lower Upper 

-3.09 

-4.30 

-0.05 

-0.10 

1.82 

0.03 

Lay date -0.03 -0.07 0.008 
Nest occupancy rate -1.91 -2.93 -0.88 
Total precipitation (mm) -0.03 -0.05 -0.02 
Minimum Temperature (°C) 0.05 -0.19 0.30 
Average Temperature CC) 0.39 0.11 0.68 
Age (17 days post hatch) -0.54 -1.16 0.08 
Age (19 days post hatch) 0.76 0.17 1.35 
Sex (female) 0.01 -0.55 0.57 
Sex (male) Reference category 

P-valuec 

0.04 

0.43 

0.56 

0.12 
< 0.001 

< 0.0001 
0.68 
0.007 
0.70 
0.70 
0.03 

Sex (unknown) 1.05 0.48 1.63 0.03 
8
The period beginning seven days prior to laying date and ending 19 days post hatch 

bData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.006 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 

Table 20. Final model describing significant predictors of change in length of 1oth 
primary feather (em) at I9 days post hatch in 200 I a 

Variable 
Intercept 
Confounding 

Regression 
Coefficient(@) 

4.80 

95% Confidence interval for J3 

Lower Upper 
1.47 8.13 

P-valueb 

Total precipitation (mm) -0.03 -0.05 -0.02 < 0.0001 
Average Temperature (°C) 0.26 0.02 0.51 0.04 
8 Data are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.006 is considered significant after adjusting for experiment-wise error rate 
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Table 21. Univariable associations between mean contaminant exposures plus supporting 
predictors for period 3 a and 1oth primary feather length ( mm) at 19 days post hatch in 
2002b 

Regression 
Variable Coefficient ((3) 
Risk Factors 

S02 concentration (ppb) 0.46 

H2S concentration (ppb) 1.01 

Benzene concentration (1-Jg/m3
) -1.33 

Number of well sitesd 0.03 
Supporting Predictors 
Lay date 0.04 

95% Confidence interval for (3 

Lower Upper 

-1.75 2.67 

-4.34 6.36 

-7.21 4.54 

-0.12 0.18 

-0.19 0.26 

P-valuec 

0.68 

0.71 

0.66 

0.68 

0.75 

Nest occupancy rate 2.03 -0.48 4.54 0.11 
Total precipitation (mm) 0.04 -0.001 0.07 0.06 
Minimum Temperature (°C) -0.09 -0.49 0.30 . 0.64 
Average Temperature (°C) -0.29 -0.92 0.33 0.36 
Sex (female) -0.95 -1.92 0.03 0.55 
Sex (male) Reference category 
Sex (unknown) 0.34 -0.85 1.53 0.55 
8The period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a two level model with nestling (the unit of analysis) within nest box 
cp < 0.004 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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rate and total precipitation were considered in a final model, but neither were important 

predictors of feather length. However, nestling size based on tarsal length (mm) was 

significantly associated with benzene exposure in 2002 (Table 22). 

When mean benzene concentration, laying date, nest occupancy rate, total 

monthly precipitation, average temperature, and sex were combined to form the final 

model, only benzene (~ -5 .23, 95% CI -8.71 to -1. 75, P = 0.004) and total precipitation (~ 

-0.09, 95% CI -0.11 to -0.07, P < 0.0001) remained as significant predictors of nestling 

size (Table 23). Increasing benzene concentration was associated with a decrease in 

nestling tarsal size (Figure 3). A test for interaction between these two variables was 

significant (P = 0.0035) (Table 24), such that the decrease in tarsal length associated with 

increasing levels of benzene is greater at lower levels of precipitation than at higher 

levels of precipitation (Figure 4). 

2.3.6 Secondary Outcomes and Exposures 

Tarsal length was not significantly associated with m& p-xylene concentration 

(J.tg/m3
) when precipitation was considered. However, toluene concentration (J.tg/m3

) was 

significantly associated with tarsal length (P = 0.002). Toluene acted similar to benzene, 

causing a decrease in tarsal length as airborne concentration increased. Based on the 

significant association of benzene with nestling tarsal length, we further explored the 

association between the secondary outcomes, nestling body weight, egg weight and egg 

volume, and the primary exposure variables in 2002. 
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Table 22. Univariable associations between mean contaminant exposures plus supporting 
predictors for period 3a and tarsal length (mm) at 19 days post hatch in 2002b 

Variable 
Risk Factors 

S02 concentration (ppb) 

H2S concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 

Regression 
Coefficient ((3) 

-0.95 

1.60 

-8.52 

-0.004 

95% Confidence interval for @ 
Lower Upper 

-3.58 1.68 

-3.63 6.83 

-14.27 -2.78 

-0.11 0.10 

Laying date -0.24 -0.41 -0.07 
Nest occupancy rate -4.58 -6.89 -2.27 
Total precipitation (mm) -0.10 -0.12 -0.08 
Minimum Temperature (°C) 0.55 0.15 0.94 
Average Temperature (°C) 1.59 1.22 1.96 
Sex (female) 0.84 0.19 1.49 
Sex (male) Reference Category 
Sex (unknown) -0.07 -0.85 0.71 

P-valuec 

0.48 

0.55 

0.004 

0.94 

0.006 
< 0.001 

< 0.0001 
0.007 

< 0.0001 
0.24 

0.24 
aThe period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.004 is considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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Table 23. Main effects model describing significant predictors of change in tarsal length 
(mm) at 19 days post hatch in 20028 

Regression 95% Confidence interval for ~ 
Variable Coefficient (~) Lower Upper P-valueb 

Intercept 33.00 31.97 34.02 
Risk Factor 

Benzene -5.23 -8.71 -1.75 0.004 
Covariates 
Total precipitation (mm) -0.09 -0.11 -0.07 < 0.0001 
aData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
bp < 0.004 was considered significant after adjusting for experiment-wise error rate 
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Figure 3. Association of nestling tarsal length (mm) at 19 days post hatch and benzene 
concentration (J..Lg/m3

) (categorized into quartiles) for period 3 (beginning seven days 
prior to laying and ending 19 days post hatch) in 2002. Horizontal limits define upper and 
lower quartiles enclosing 50% of the data. Vertical lines extend to the 2.5th percentile and 
97.5th percentile. Open cir~les depict outliers. 
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Table 24. Mean centered main effects and interaction model describing significant 
predictors of change in tarsal length (mm) at 19 days post hatch in 2002a 

Variable 

Risk Factor 

Regression 
Coefficient (@) 

Intercept 28.07 

95% Confidence interval for @ 
Lower Upper 
27.78 28.35 

P-valueb 

Mean centered benzene (1Jg/m3)c -5.54 -8.48 -2.61 0.0003 
Covariates 

Mean centered total precipitation (mm)c -0.07 -0.09 -0.04 < 0.0001 
Interaction term 0.33 0.11 0.56 0.0035 

8 Data are structured as a three level model with nestling (the unit of analysis) within nest box within farm 
bp < 0.004 was considered significant after adjusting for experiment-wise error rate 
cData for benzene and precipitation were centered on their respective means to facilitate interpretation of 
the interaction term 
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Figure 4. Interaction of benzene concentration and total precipitation during period 3 (the 
period beginning seven days prior to laying date and ending 19 days post hatch) and 
effects on tarsal length for 19 day old starlings in 2002 
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Nestling weight 

Nestling weight, measured 19 days post hatch, was not related to mean airborne 

S02 (ppb ), H2S (ppb ), or benzene (J..Lg/m3
) concentrations from the period beginning seven 

days prior to laying date and ending 19 days post hatch in 2002, or to proximity of oil and 

gas well sites (Table 25). In the exploratory model including proximity of oil and gas 

well sites, laying date, nest occupancy rate, and sex, only laying date (~ 0. 75, 95% CI 

0.39- 1.11, P < 0.001) and sex (female:male ~ -2.92, 95% CI -4.62 to -1.23, P < 0.001) 

remained as significantly associated with nestling weight at 19 days post hatch (Table 

26). 

Egg weight and volume 

Egg weight (g) and egg volume ( cm3
) were not related to mean S02 (ppb ), H2S 

(ppb ), or benzene (J..Lg/m3
) concentrations from the period beginning seven days prior to 

laying date and ending on laying date in 2002, or to proximity of oil and gas well sites 

(Tables 27 and 28). An exploratory model including proximity of oil and gas well sites 

and precipitation was developed for egg weight. Neither of these variables were 

significant contributors to change in egg weight in this model. Similarly, a model 

containing clutch size and precipitation was constructed for egg volume, neither of which 

remained significant risk factors for egg volume in this model. 
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Table 25. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 3a and nestling weight (g) at 19 days post hatch in 2002b 

Variable 
Risk Factors 

so2 concentration (ppb) 

H2S concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 

Regression 
Coefficient (@) 

-0.95 

1.60 

-8.52 

-0.004 

95% Confidence interval for @ 
Lower Upper 

-3.58 

-3.63 

-14.27 

-0.11 

1.68 

6.83 

-2.78 

0.10 

Lay date -0.24 -0.41 -0.07 
Nest occupancy rate -4.58 -6.89 -2.27 
Total precipitation (mm) -0.10 -0.12 -0.08 
Minimum Temperature (°C) 0.55 0.15 0.94 
Average Temperature (°C) 1.59 1.22 1.96 
Sex (female) 0.84 0.19 1.49 
Sex (male) Reference category 

P-valuec 

0.48 

0.55 

0.38 

0.94 

0.006 
< 0.001 

< 0.0001 
0.007 

< 0.0001 
0.24 

Sex (unknown) -0.07 -0.84 0.71 0.24 
aThe period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.004 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 

Table 26. Final model describing significant predictors of change in nestling weight (g) at 
19 days post hatch in 2002a 

Variable 
Intercept 
Covariates 

Regression 
Coefficient (@) 

-26.144 

95% Confidence interval for @ 
Lower Upper P-valueb 

-75.875 23.587 

Laying date 0. 750 0.391 1.109 < 0.001 
Sex (female) -2.922 -4.619 -1.225 < 0.001 
Sex (unknown) -2.732 -4.051 -1.413 < 0.001 
aoata are structured as a two level model with nestling (the unit of analysis) within nest 
box 
bp < 0.004 was considered significant after adjusting for experiment-wise error rate 
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Table 27. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 1 a and egg weight (g) in 2002b 

Variable 
Risk Factors 

S02 concentration (ppb) 

Regression 
coefficient (@) 

0.16 

95% Confidence interval for @ 
Lower Upper P-valuec 

-0.30 0.62 0.49 

-0.83 0.64 H2S concentration (ppb) -0.10 0.79 
-1.40 0.76 Benzene concentration (1Jglm3

) -0.32 0.56 
-0.005 0.03 Number of well sitesd 0.01 0.17 

Supporting Predictors 
Lay date 0.01 -0.03 0.05 0.48 
Clutch size -0.03 -0.13 0.07 0.59 
Nest occupancy rate 0.18 -0.24 0.58 0.40 
Total precipitation (mm) 0.003 -0.001 0.007 0.16 
Minimum Temperature (°C) -0.001 -0.07 0.07 0.98 
Average Temperature (°C) 0.02 -0.07 0.11 0.61 
aThe period beginning seven days prior to laying date and ending on laying date 
bData are structured as a one level model with nest box the unit of analysis 
cp < 0.004 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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Table 28. Univariable associations between mean airborne contaminant exposures plus 
supporting predictors for period 1 a and egg volume ( cm3

) in 2002b 

Variable 
Risk Factors 

S02 concentration (ppb) 

H2S concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 
Lay date 

Regression 
coefficient(@) 

0.08 

-0.13 

-0.24 

0.005 

0.01 

95% Confidence interval for @ 
Lower Upper 

-0.37 

-0.85 
-1.31 

-0.009 

-0.03 

0.53 

0.60 

0.84 

0.01 

0.05 

Clutch size -0.07 -0.17 0.03 
Nest occupancy rate 0.15 -0.25 0.56 

Total precipitation (mm) 0.003 -0.001 0.007 
Minimum Temperature (°C) 0.02 -0.05 0.08 
Average Temperature CC) 0.04 -0.05 0.13 
aThe period beginning seven days prior to laying date and ending on laying date 
bData are structured as a one level model with nest box the unit of analysis 
cp < 0.004 was considered significant after adjusting for experiment-wise error rate 

bWithin a 1.6 km radius of the nest box 
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P-valuec 

0.73 

0.73 

0.67 

0.41 

0.47 

0.15 
0.46 

0.20 
0.66 
0.36 



2.4 Discussion 

In both 2001 and 2002, none of the primary exposure variables, including 

airborne S02, H2S, or benzene concentrations, and proximity to oil and gas well sites was 

significantly associated with hatching failure or fledging failure. However, total monthly 

precipitation was a significant risk factor in 2001. In 2001, the odds of not hatching were 

10.8 times greater for every 10 mm increase in total monthly precipitation. An 

investigation of the relative ranges of total monthly precipitation in the two years 

indicated that there were extreme outliers of very high levels of total precipitation for 

some nest boxes in 2001 which may have influenced hatching failure differently than in 

2002. 

Although not significant in the final models for hatchability, it was also important 

to consider the combined impact of weather, particularly ambient temperature with 

precipitation, on successful hatching. In 2001, there was a low correlation (p = 0.19) 

between temperature and precipitation. Others have shown that temperature influences 

timing of egg-laying in European starlings (Meijer ~tal., 1999), an adaptive response in 

which timing of the laying period and raising young are meant to occur during periods of 

high food availability (or to coincide with favorable temperatures for insect availability). 

Reid et al. (2000a) showed that low ambient temperatures during incubation increased the 

energetic demand on parents to maintain clutch temperature, while severely restricting 

foraging time because of the need to remain on the nest. Low temperatures leading to low 

food availability could also decrease parental body condition such that parents are unable 

to support this high energetic demand, resulting in low incubation temperatures. Webb 

(1987) found that low egg temperatures during incubation can lead to developmental 
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abnormalities and a prolonged developmental period. Interestingly in this study, average 

temperatures were similar between the two years in this study; however, a broader range 

of temperature existed across study sites in 2001. In 2001, under drought conditions, 

adults could have been forced to forage away from the nest for longer periods, 

contributing to decreased incubation temperatures leading to egg failure. Failure to hatch 

is usually attributed to early embryonic death (Custer et al., 1999), although a small 

number of eggs may be infertile. 

In both 2001 and 2002, none of the primary exposure variables was significantly 

associated with nestling development indexed by the length of the 1oth primary wing 

feather. However, total monthly precipitation and average temperature acted as important 

predictors in 2001. In 2001 each 1 0 mm increase in total precipitation was associated 

with a 0.32 em decrease in length of the lOth primary feather. Also, as average 

temperature increased by one degree, length of the lOth primary feather increased by 0.26 

em. These results indicate that nestlings were smaller during periods of cool, wet 

weather. This is intuitively correct, as nestlings would have to expend more energy for 

thermoregulation in cold, wet weather and thus allocate less energy to growth. In 

addition, parental foraging success may be enhanced in warm weather. 

In 2002, chick tarsal length was inversely associated with both benzene and 

toluene exposures and total monthly precipitation. For every 0.1 jlg/m3 increase in 

benzene exposure, nestling tarsal length decreased by 0.52 mm, holding precipitation at 

its mean value. Also, for every 10 mm increase in total precipitation, nestling tarsal 

length decreased by 0.9 mm, holding benzene level constant at its mean. Furthermore, 

interaction between benzene and precipitation was significant, indicating that the adverse 
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effect of benzene on nestling size changed with different levels of precipitation. More 

specifically, benzene has less of an apparent detrimental association with size at higher 

levels of precipitation than at lower levels. 

There are no data on effects of airborne oil and gas emissions, such as benzene, 

on wild birds. Most reported trials of benzene exposure are laboratory based studies of 

rats and mice, which focus on carcinogenic effects of this contaminant (Farris et al., 

1993; Ward et al., 1992; Au et al., 1991; Sabourin et al., 1990). For example, Au et al. 

( 1991) and Ward et al. ( 1992) showed that low level, sub-chronic exposure to benzene 

caused chromosomal damage and formation of chromosomal aberrations. Benzene has 

also causes detrimental effects on hematopoiesis (Abraham, 1996). In vivo, benzene is 

primarily metabolized by cytochrome P450 to phenol (PH), hydroquinone (HQ), catechol 

(CAT), and 1, 2, 4-benzenetriol (Sabourin et al., 1989). Some ofthe HQ and CAT is 

further metabolized to 1,4-benzoquinone (1,4-BQ) and 1,2-benzoquinone (1,2-BQ). 

These reactive metabolites are attracted to cysteinyl residues on hemoglobin (Hb) and 

form adducts. 

McDonald et al. (1993) observed linear production of 1,4-BQ and 1,2-BQ adducts 

with both Hb and bone marrow proteins in rats over the range of doses studied (0 - 400 

mg/kg). Subsequently, others have found that benzene exposure reduces erythrocyte 

counts, hematocrit and hemoglobin concentration (D' Azevedo et al., 1996). The same 

authors found that benzene caused growth retardation in rats. One could consider a 

similar mechanism of toxicity at work in the present study in which the decrease in 

nestling size related to benzene exposure could be due to a decreased oxygen carrying 

capacity of the blood, caused by formation of adducts similar to those occurring with Hb. 
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Skeletal development, as with any other physiological process, depends on an adequate 

oxygen supply. If this supply was compromised, it is possible that bone growth could be 

impaired. However, it is important to note that partitioning of benzene in blood is species 

dependent (Wiester et al., 2002), so direct comparison between studies with rats and our 

study with starlings must be done with caution. 

It is interesting that nestling development when measured as 1 01
h primary feather 

length was not related to exposure measures, while size measured as tarsal length was 

related to contaminant exposure. When measured at 19 days post hatch, nestlings were 

approaching adult body size, particularly with respect to skeletal size; however, their 

feathers had not fully grown. Tarsal length may therefore be a more appropriate measure 

of stress, including contaminant exposure, in this species at fledging. It is possible that 

tarsal length responds more to exposure over the entire life of the nestling, and even to 

maternal and paternal exposures, while feather length may be a better indication of acute 

stress during a specific phase of development in the bird. 

To further investigate the association of benzene and toluene with nestling size in 

2002, secondary outcomes including nestling body weight and egg weight and volume 

were examined to determine if there was a similar effect. None of the primary exposure 

variables, including S02, H2S, or benzene concentrations, and proximity to oil and gas 

well sites, were significantly associated with nestling weight, egg weight or egg volume, 

indicating that benzene exposure affected only post hatching nestling size. However, 

laying date and sex were associated with nestling weight. For every day clutch initiation 

was delayed, nestling weight at 19 days post hatch increased by 0. 7 g. In addition, female 

nestlings were 2.9 g lighter than males. These effects were not surprising, as the starling 
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is recognized to be sexually dimorphic, with male starlings being significantly larger and 

heavier than females (Bradbury et al., 1997). It is possible that nestlings were heavier in 

response to later laying dates due to increased food availability. However this hypothesis 

can not be confirmed based on this research. 

2.5 Conclusion 

Numerous studies have used reproductive success in wild birds as a measure of 

environmental health (Custer et al., 2000; Bishop, 1999; Custer et al., 1999; Bishop et al., 

1998). The current study used easily measured determinants of avian reproductive 

success, including hatching and fledging failure, and nestling development and size, 

. along with egg weight and size to determine effects of low level industrial emissions 

from oil and gas production and processing facilities on local environments in the Alberta 

oil patch. Hatching and fledging failure of European Starlings were not significantly 

associated with the primary exposure variables tested, including airborne S02, H2S, and 

benzene concentrations, and proximity to oil and gas well sites. However, ambient 

weather conditions, particularly total monthly precipitation and average temperature, 

were important determinants of these outcomes. Nestling size, based on tarsal length, was 

significantly decreased with increasing exposure to benzene and toluene in 2002. 

However, this effect was not seen on nestling development represented using 1oth 

primary feather length, indicating that tarsal length may be a more appropriate indicator 

of chronic physiological stress due to benzene exposure than was feather length in 

nestling starlings. None of nestling weight, egg weight or egg volume was associated 

with any measurement of contaminant exposure. In conclusion, results of this study did 
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not show that starlings exposed to oil and gas industry emissions under a range of field 

conditions are at increased risk of reproductive failure. 

89 



3.0 USE OF PHYSIOLOGICAL BIOMARKERS TO ASSESS EXPOSURE TO OIL 
AND GAS EMISSIONS IN EUROPEAN STARLINGS (STURNUS VULGARIS) 

3.1 Introduction 

The potential for adverse effects to human and animal health from contaminant 

emissions from the incomplete combustion of flared gas associated with oil and natural 

gas production and processing has been examined (Scott et al., 2003a; Scott et al., 2003b; 

Scott et al., 2003c; Waldner, 2001; Waldner et al., 2001a; Waldner et al., 2001 b; 

Strosher, 1996; Schechter et al., 1990; Spitzer et al., 1989). Incomplete combustion of 

flare gas occurs when inadequate gas-flow rates or insufficient mixing with oxygen 

results in widely variable combustion efficiencies. The products of incomplete 

combustion include polycyclic aromatic hydrocarbons (P AHs) such as benzo [a ]pyrene, 

benzo[b and k]fluoranthene, chrysene, indeno[1,2,3-c,d]pyrene, dibenz[a,h]anthracene, 

benz[a]anthracene, and benzo[g,h,i]perylene (Schroder et al., 2003), as well as volatile 

hydrocarbons (VOCs) including benzene, toluene, and xylenes. In the case of sour gas, 

additional potential contaminants include hydrogen sulfide (H2S), sulfur dioxide (S02), 

and various other sulfur compounds (Strosher, 1996). The inhalation toxicity of many of 

these compounds has been well described under laboratory conditions for rats and mice 

(Hayden et al., 2002; Custer et al., 2001; Partlo et al., 2001; Brenneman et al., 2000; Hass 

et al., 1999; Gumuslu et al., 1998; Kukner et al., 1998; Ono et al., 1996; Purcell et al., 
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1990). However, these contaminants occur in the environment as complex mixtures of 

many compounds, which have widely varying toxic potential (Santodonato et al., 1981 ). 

Little is known about the toxicity of these contaminant mixtures to wildlife inhabiting 

areas surrounding oil and gas flaring sites, although P AHs derived from incomplete 

combustion of fuels, including coal and petroleum, can be carcinogenic in humans 

(Lewtas, 2002). 

Hydrocarbon contaminants, such as those associated with emissions from oil and gas 

production facilities, are generally highly bioavailable to mammals and birds (Custer et 

al., 2001; Payne et al., 1987). Following uptake, most petroleum hydrocarbons are 

metabolized by the mixed function oxygenase (MFO) cytochrome P450IA (CYPIA) class 

of enzymes (Custer et al., 2001; Gagnon and Holdway, 2000). This characteristic enables 

these enzymes to· act as biomarkers of exposure for these compounds. Biomarkers are 

alterations in cellular or biochemical components or processes, structures, or functions 

that are induced by pollutant(s) and are measurable in a biological system or samples 

(Kendall et al., 1996). The ethoxyresorufin-o-deethylase (EROD) assay measures the 

formation of resorufin from the CYPIA specific substrate 7 -ethoxyresorufin, and has 

often been used to quantify induction of CYPIA resulting from exposure to planar, 

halogenated hydrocarbons and PAHs. Numerous studies have shown that CYPIA 

induction, as measured by the EROD assay, can be used as a biomarker of exposure to 

these contaminants in wild species, including birds (Renauld et al., 1999; Bishop et al., 

1998; Davis et al., 1997; Rozemeijer et al., 1995; Sanderson and Bellward, 1995; 

Sanderson et al., 1994; Trust et al., 1994). 
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Following metabolism by Phase I (oxidation-reduction-hydrolysis) and Phase II 

(conjugation) enzymes, the major route of excretion of high molecular weight 

hydrocarbon contaminants is through bile (Hegstad et al., 1999). Because many of these 

hydrocarbon metabolites have specific fluorescence properties, they can be measured in 

bile samples as another biomarker of hydrocarbon contaminant exposure. For example, 

analysis of P AHs and their metabolites in bile has been used as a sensitive method for 

detection ofPAH exposure in fish (Gagnon and Holdway, 2000). 

Wild bird species are increasingly being used as indicators of environmental 

contamination (Custer et al., 2001; Custer et al., 2000; Smits et al.,1999; Trust et al., 

2000; Bishop et al., 1999; Custer et al., 1999; Grasman et al., 1998; Bosveld et al., 1995). 

The purpose of this study was to use a sentinel wildlife species, the European Starling 

(Sturnus vulgaris), nesting near oil and gas production and .processing facilities and 

exposed to air emissions associated with flaring, to assess exposure to petroleum 

hydrocarbon contaminants using specific biomarkers; in particular, induction of hepatic 

cytochrome P450IA monooxygenas(!, as measured by EROD activity, and the 

measurement of biliary fluorescent aromatic compounds of the benzo(a)pyrene type. by 

the synchronous fluorescence scanning (SFS) method. Although data on airborne 

concentrations of P AHs were not available, the biomarker responses were examined for 

association with other components of flared gas, including airborne sulfur dioxide, 

hydrogen sulfide, benzene, toluene, ethylbenzene, and xylenes, as well as proximity to oil 

and gas well sites. These hydrocarbon contaminants were measured by passive air 

monitoring, and were used as surrogates for PAH exposure. The study of biomarker 

92 



responses in wild species was intended to identify sensitive endpoints that may act as 

early warnings for human and livestock health concerns, as well as for wildlife at risk. 

3.2 Methods 

3.2.1 Site Selection 

For the first breeding season (April- August, 2001), nest sites were selected 

based on their proximity to oil and gas emission sources, as no air monitoring data were 

available. Nest sites were located on a subset of ranches participating in a larger 

concurrent environmental study in order to share existing data on air quality. Other 

criteria used to select the subset of ral)ches for participation in this study included: 1) a 

commitment by the land owner to allow access to their pastures during two successive 

starling breeding seasons (summer, 2001 and 2002), and to permit the construction of 

nest boxes on those pastures; 2) a high level of land owner interest in the project; and 3) 

as much as is possible, location within geographically and ecologically homogeneous 

zones, in order to minimize the potential effects of variable habitat type or quality, or 

climatic conditions, on biomarker responses. All 30 study sites used in the first field 

season were located at similar latitudes in a belt across central Alberta, with a small 

number of control sites in central Saskatchewan. In 2002, the six Saskatchewan sites 

were dropped from the avian biomarker study due to little or no nesting activity during 

the first season, and difficulty in monitoring these sites. All nest box locations used for 

the 2001 and 2002 breeding seasons were marked on an electronic map of western 

Canada containing the coordinates for all oil and gas batteries and gas processing plants 

known to the provincial regulatory agencies. 
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3.2.2 Exposure and Covariate Determination 

All environmental data were entered into a geographic information system (GIS) 

(Arc View 3 .2, ESRI Business Information Solutions, Redlands, California, USA) with 

nest box locations. The GIS system was used to link outcome data to nest box exposure 

to oil and gas emissions, and meteorological data. 

Emission sources 

The objective of this study was to determine if there is a correlation between 

biomarker responses in wild birds, including EROD activity and biliary PAH metabolite 

concentration, and exposure to emissions from oil and gas production and distribution 

activities. Emission sources relevant to these activities included: 1) intermittent or normal 

wellhead activities such as well drilling and servicing which may result in flaring and 

accidental releases, and 2) fugitive leaks from pipeline activities or from storage tanks, 

reboilers, flares, compression and dehydration facilities found on battery sites and gas 

processing plants. Obviously, non-oil and gas related sources including farm equipment 

and vehicular traffic, fugitive emissions from fuel storage or handling facilities and other 

industrial facilities, and activities such as slash burning, agricultural burning and forest 

fires are uncontrollable sources which can produce similar emissions. 

Exposures to the compounds of interest (S02, H2S, benzene, toluene, 

ethyl benzene, m& p-xylenes, a-xylene, and hexane) from these sources are affected by 

various factors such as distance from and height of the emission source, concentration of 

the emissions, weather, terrain, and exposure time. Strategically located passive air 

monitors enabled measurement of exposure to these compounds at ambient conditions 

over specified time periods throughout both nesting seasons. 
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Passive air monitoring 

The air monitoring approach used in this study is referred to as passive integrated 

monitoring. With this technique, a reactive surface in a controlled diffusion path was 

exposed to ambient air for a period ranging from 24 hours to one month. The reactive 

surface was analyzed in a chemical laboratory to determine the concentration of the 

compounds that had been captured. The method is termed passive because pumps are not 

used to draw an air sample past a detector or through a collection medium. This 

monitoring approach was selected because the cost and logistical requirements for 600 to 

1200 locations (for the cattle reproduction study) ruled out the use of continuous 

monitors. Each monitoring site was composed of three passive samplers housed within a 

shelter, which served to protect the samplers from rain and snow. The S02, H2S, and 

volatile organic compound (VOC) samplers were exposed to ambient air for one month. 

An additional 10% of samplers were routinely transported to each site during the 

exposure and retrieval of the reactive surface from the stationary samplers. These 'travel 

blanks' were used to determine potential contamination sources associated with field 

handling and transportation. In addition, 1 0% of the sample sites contained duplicate 

samplers, to assess the precision of the air monitoring protocol. 

Monthly mean concentrations of airborne S02, H2S, and the VOCs (benzene, 

toluene, ethylbenzene, m& p-xylene, a-xylene, and hexane) were determined for each 

active air monitoring station for each month of the study. For each nest box, a 1.6 km 

radius was established and the passive monitors within that radius were identified. The 

average concentration of each contaminant was determined from monitors on or within a 

1.6 km radius of each nest ~ox. If there was no monitor within that radius, the nearest 
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monitor was used to provide exposure data. This radius was chosen based on the height 

of the emission stacks associated with emission facilities, and the maximum range of 

dispersion of compounds likely from that height (Waldner, 2001, Waldner et al., 2001a; 

Waldner et al., 2001 b). The number of oil and gas well sites within a 1.6 km radius of 

each nest box and number of large field facilities (gas plants and processing stations) 

within an 8.1 km radius were also determined for proximity analysis. 

Flaring, Venting and Proximity Data 

The government regulatory agencies from each province (Alberta Energy and 

Utilities Board and Saskatchewan Environment) provided records of oil and gas well site 

locations for 2001 and 2002. The location and volume of gas flared and vented was 

obtained from the monthly disposition reports submitted by the operators of the battery 

sites for 2001 and 2002. All batteries reported to contain measurable hydrogen sulfide 

were classified as sour. 

The total number of oil and gas wells and batteries within a 1.6 km radius was 

determined as well as the number of gas plants within an 8.1 km radius for nest boxes in 

2001 and 2002. In addition, the total volume of gas flared or vented within 1.6 km of 

each nest box was recorded for each nest for each month of the study. The location and 

volume of gas flared from gas processing plants was also provided for all facilities within 

an 8.1 km radius of each nest box. 

Other risk factors for biomarker outcomes 

Nest boxes were located within various ecological regions defined by vegetation, 

soil types, and meteorological conditions throughout Alberta. These 'ecoregions' 

determined by Environment Canada (Wiken, 1986), were linked to farm site using the 
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GIS system. Daily meteorological data was obtained for all Environment Canada stations 

operational during the period from April- June 2001, and again in 2002. These data 

included mean daily temperature CCC), minimum daily temperature CCC), maximum daily 

temperature (°C), and total monthly precipitation (mm), and were considered likely to 

influence the biomarker outcomes (Carlson et al., 2003). The GIS system was used to 

link the data from the closest meteorological station to each nest box for each month of 

the study. Average daily temperature was calculated for each nest box based on the 

period that birds occupied the nest beginning seven days prior to laying date and ending 

19 days post hatch. A time-weighted average for total monthly precipitation was 

calculated for each nest box based on the total number of days in each month that birds 

occupied the nest. Laying date was determined as the date the penultimate egg was laid 

(i.e. the onset of incubation). Prior to this time, the location and feeding range of breeding 

pairs was uncertain, so their potential exposure could not be determined. Another 

potential covariate, nest box occupancy rate, was calculated for each farm as the number 

of nests with eggs compared with the total number of nests (1 0 on each farm). This was 

considered to account for the chance that starlings may choose not to nest in a particular 

area because of environmental contamination. 

Exposure assessment 

The primary unit of analysis was the individual nestling within nest box. 

Exposure assessment for an individual nest box began seven days prior to laying date and 

ended at the time of sampling (19 days post hatch). The average airborne S02 

concentration for each month was linked with each occupied nest box located on that 

pasture, resulting in a monthly exposure value for each nest box. Analogous mean 
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exposures were developed for airborne concentrations of H2S, and the VOCs, number of 

active gas wells, active oil wells, and large field facilities, and flared volume, sour-gas 

flared volume, and total vented volume. 

All exposure variables derived from air monitor data were screened prior to 

inclusion in initial statistical models. In order for a contaminant to be considered for 

further analysis, less than 25o/o of the cumulative exposure measures could be below the 

quantifiable limit for that compound. The quantifiable limit was estimated as 3 times the 

minimum detection limit reported by the laboratory. The minimum detection limits 

reported for the substances in question are listed in Table 1. 

3 .2.3 Sample Collection 

Birds 

Nest boxes were located on each of the study sites in the spring of 2001, in order to 

attract adult European Starlings. Starlings were chosen for this study due to their wide 

distribution across the study area, gregarious nature _and tolerance of conspecifics, 

willingness to nest in artificial nest boxes, omnivorous feeding habits, and relatively 

small home ranges. Furthermore, P AHs and most other petroleum related contaminants 

are rapidly metabolized in birds (Naf et al., 1992), increasing the likelihood of observing 

a biomarker response to exposure. Pairs were monitored throughout the nesting period 

and egg laying to determine the date of hatching of subsequent broods. These nestlings 

were then intensively monitored until 19 days post-hatch (starlings generally fledge from 

the nest at 19-23 days old). At 19 days of age, three nestlings, or fewer where only one or 

two nestlings were available, were randomly chosen from each nest for tissue collection 
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for biomarker analyses. In 2001, some boxes were not re-visited exactly 19 days post 

hatch, so nestlings ranged in age from 18 to 20 days old, and age was recorded for use in 

the analysis. These birds were removed from the nest and transported within three hours 

to the laboratory. Upon arrival, nestlings were anaesthetized with isofluorane (Abbott 

Laboratories, Saint-Laurent, Quebec), and subsequently euthanized by cervical 

dislocation (approved by University of Saskatchewan Committee on Animal Care and 

Supply). 

3.2.4 Cytochrome P450IA Induction 

Tissue Preparation 

Immediately following euthanasia the birds were subjected to necropsy during 

which the liver and attached gallbladder were removed. The gallbladder was carefully 

separated from the liver to avoid rupture, weighed and both organs were placed in 

cryovials and frozen in liquid N2 ( -170°C) within 5 minutes of death. 

Microsome Preparation 

Microsomes are small, membrane-bound vesicles derived from the smooth 

endoplasmic reticulum of fractionated cells (Trudeau and Maisonneuve, 2001 ). They 

contain several enzymes involved in xenobiotic metabolism, including the MFO system. 

Micro somes were prepared using a variation of the method of Trudeau and Maisonneuve 

(200 1 ). Liver samples were homogenized on ice using a 2 ml Safe-grind ® plastic coated 

tissue grinder with Teflon® pestle (Wheaton Science Products, Millville, New Jersey, 

USA) in a homogenization buffer (0.15 M KCl; 0.02 M HEPES; pH 7.5). The liver 

homogenate was fractionated by differential centrifugation (Beckman Coulter L8-55 
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ultracentrifuge, Fullerton, California, USA) at 9000 g for 20 minutes to remove cellular 

debris, nuclei and mitochondria. The resulting supernatant (S-9 fraction) was then 

centrifuged at 100 000 g for 60 min, and the microsomal fraction was obtained by re

suspending the pellet in a resuspension buffer (0.05 M TRIS buffer; 1 mM EDT A; 1 mM 

dithiothreitol (DTT); 20°/o (by volume) glycerol; pH 7.4 ). Microsomes were stored at 

-70°C in 250 f.ll aliquots until used for EROD analysis. Unless otherwise noted, all 

laboratory disposables and chemicals were purchased through VWR International 

_ (Ontario, Canada) and Sigma-Aldrich Inc. (Oakville, Ontario, Canada), respectively. 

Ethoxyresorufin-o-deethylase (EROD) Assay 

The EROD assay was performed using hepatic microsomal preparations after the 

method of Kennedy and Jones (1994). Microsomes (5f.ll per well) were added to Nunc 

96-well FluoroNunc plates (white) (Nalge Nunc International, Rochester, New York, 

USA) containing sodium phosphate buffer (0.05 M; pH 8.0) with 100 mM magnesium 

chloride (MgCh), 7 -ethoxyresorufin (9 .4 JlM), and nicotinamide adenine dinucleotide 

phosphate (NADPH; 2.4 mM), and the plates were incubated at 3 7°C for 10 minutes. The 

reaction was stopped by precipitating the microsomal proteins with 60 f.ll acetonitrile per 

well. Resorufin formation was measured fluorimetrically (Excitation 530 nm/Emission 

590 nm) using a MFX Microtitre® Plate fluorometer (Thermo Labsystems, Franklin, 

Massachusetts, USA) with resorufin standards (25, 50, 100, 200, 400, and 800 nM in 

DMSO). EROD activity was expressed as pmol resorufin formed/min/mg microsomal 

protein. 
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Protein Determination 

For the first field season, microsomal protein concentrations were measured using 

the Lowry method (Lowry et. al., 1951) with a commercial protein assay kit (BioRad 

Laboratories Inc., Hercules, California, USA). Bovine serum albumin (BSA) (1.38 mg/ml 

in phosphate buffer) standard was used to create a standard curve, with concentrations of 

0.1725, 0.345, 0.690, and 1.380 mg/ml. Samples were analyzed in Nunc 96-well 

FluoroNunc® plates (white) (Nalge Nunc International, Rochester, New York, USA), 

with absorbance measured on a Benchmark® microplate reader (BioRad Laboratories 

Inc., Hercules, California, USA) at 655 nm. 

In the second field season, microsomal protein was measured simultaneously with 

EROD activity. The reaction of ethoxyresorufin with NADPH was stopped by 

precipitating microsomal proteins with acetonitrile containing fluorescamine (2.16 mM), 

which reacts with primary amino groups to produce a fluorescent compound that can be 

measured along with the resorufin concentration (Excitation 400 nm/Emission 460nm). 

Protein concentration was determined using a BSA standard curve as in 2001. 

3.2.5 Analysis of Biliary Polycyclic Aromatic Hydrocarbon Metabolites 

Sample preparation 

The determination of biliary metabolites of P AHs was performed by the 

Canadian Wildlife Service (CWS) laboratory in Hull, Quebec. Intact gallbladders were 

shipped to the laboratory in cryovials on dry ice. Gallbladders were rinsed with water and 

allowed to dry. Bile was extracted using a 10 J..Ll Hamilton syringe, while avoiding 

exposure to light. The bile samples were diluted 1 :300 with a 1:1 water: ethanol mixture, 
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and light transmission at 3 80 nm was measured by UV-VIS spectrophotometry with a 

8452A Hewlett-Packard diode array spectrophotometer (Hewlett-Packard Laboratories, 

Palo Alto, California, USA). 

Synchronous Fluorescence Scanning 

Bile samples were analyzed using the synchronous fluorescence scanning (SFS) 

method (Ariese et al., 1993), with a Perkin-Elmer LS-50B spectrofluorometer (Perkin

Elmer, Boston, Massachusetts, USA). The SFS method estimates the exposure to PAHs 

based on the presence of conjugated pyrene metabolites in bile, compared with a PAH 

standard (pyrene glucuronide standard; EQ Laboratories, Atlanta, Georgia, USA). The 

pyrene glucuronide standard curve ranged from 1.0 to 5.0 pg/ul. The SFS method 

. involves recording the fluorescence spectra (emission or excitation) while simultaneously 

increasing both the excitation and emission wavelengths at a constant rate, so that the 

difference between excitation and emission wavelengths stays the same. A constant 

difference of 3 7 nm between the excitation and emission wavelengths has been 

previously determined by Ariese et al. (1993) to be optimal for the detection of pyrene 

and B(a)P metabolites which possess a pyrene chromophore. The excitation spectra of 

pyrene-1-glucuronide in ethanol: water (1 : 1 ), has a single peak at 34 3. 5 nm and the 

concentration of P AH metabolites in bile is usually reported as 1-hydroxypyrene 

equivalents by measuring the net peak area from 335 nm to 355 nm, and comparing it 

with a standard curve of 1-hydroxypyrene (NCI Chemical Carcinogen Repository, 

Kansas City, Missouri, USA). However, in this study, concentration of PAH metabolites 

in the bile of nestling starlings were reported as fluorescence units, rather than 1-

hydroxypyrene equivalents, because in several samples a broad peak ranging from 330 
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nm to 380 nm was detected rather than a sharp peak at 343.5 nm corresponding to 1-

pyrene glucuronide. 

3.2.6 Statistical Analysis 

To reduce the chance for Type I error, four exposures (S02, H2S, and benzene 

concentrations, and the number of well sites within a 1.6 km radius of the nest box) were 

chosen to primarily represent oil and gas emissions, based on their prevalence in the 

literature pertaining to environmental contamination, and reliability of measurement. The 

remaining measures of exposure to other VOCs were ranked as secondary for the 

purposes of analysis based on previous literature reports and limitations in the range of 

concentrations measured during the study. The remaining measures of proximity and 

emissions were ranked as secondary after considering the observed range of values 

available for study as well as variations in the reliability of some of these measures as 

indicated by the various regulatory agencies. 

Null hypotheses 

1. There is no association between cytochrome P4501A1 activity (as measured by 

EROD activity) in exposed nestlings and average airborne S02 concentration from 

seven days prior to laying date until 19 days post hatch. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, ambient 

temperature conditions (mean, minimum), total monthly rainfall, and nestling sex and 

age. 
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2. There is no association between biliary PAH metabolite concentration in exposed 

nestling starlings and average airborne S02 concentration from seven days prior to 

laying date until 19 days post hatch. 

Other exposure variables examined included H2S and benzene concentrations, and the 

number of active gas or oil wells within a 1.6 km radius of the nest box site. Other 

covariates considered in the model included nest box occupancy rate, ambient 

temperature conditions (mean, minimum), total monthly rainfall, and nestling sex and 

age. 

Modeling 

All data analysis, unless otherwise stated, was performed using the statistical 

software program MLwiN, ver. 1.1 (University of London, London, UK). The principal 

unit of analysis was the individual nestling within the nest box unless otherwise stated. 

Regression coefficients with 95% confidence intervals were calculated to describe the 

statistical association between the various measures of exposure and the risk of effects on 

EROD activity and biliary PAH metabolites. There are four potential levels of 

information within this data set, including individual nestlings, which are located within 

nest boxes, clustered on individual farms, within geographic or ecological regions 

defined by vegetation and soil types and meteorological conditions. The hierarchical 

structure of the data was considered in all cases through the incorporation of appropriate 

random effects into each model. 

A null model was created for each outcome variable prior to examination of any 

exposures or co variates. The significance of "farm" and "ecological region" as important 
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random effects was tested in MlwiN to assess the importance of clustering outcomes at 

the upper levels of the data hierarchy. Farm and ecological region were only included in 

the final model as levels if the random effects had a P-value of less than 0.10. Clustering 

within nest box was included in ail models because the power to test the significance of 

nest as a random effect is limited (n < 5 per nest), and clustering at the nest level is 

considered biologicaily plausible. 

Ail potential covariates were screened for inclusion in the final model using 

univariate analysis. Only variables associated with each outcome with a P-value of less 

than 0.3 were considered for use in screening potential exposures. Each exposure variable 

was then assessed in a simple univariate analysis with the two outcome variables (EROD 

. activity and PAH metabolite concentration). Ail primary exposure variables (S02, H2S 

and benzene concentrations, and the number of well sites) where the P-value was less 

than 0.3 were selected for further assessment. 

In the second step, this subset of exposure variables was introduced individually 

into a model containing only the covariates that survived the initial screening process 

outlined above. A Bonferroni correction based on the number of primary hypotheses was 

used in developing the final model to minimize the potential for type I error associated 

with the multiple outcomes examined in this project. All exposure variables with a P

value of less than 0.008 (significant P-value of 0.05 corrected for 2 primary hypotheses 

and 3 principal exposures- H2S was not measured during the 2001 breeding season) 

were considered statistically significant in 2001. All exposure variables with a P-value of 

less than 0.006 (significant P-value of0.05 corrected for 2 primary hypotheses and 4 

principal exposures) were considered statistically significant in 2002. Any co variates 
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acting as important confounders (either P was less than 0.05, or removal of the covariate 

from the model changed the effect estimate for the exposure by more than 1 0%) were 

also retained in the final model. If more than one exposure was significant, the 

development of a final summary model was preceded by a descriptive assessment of the 

correlation structure between the screened exposure metrics. This assessment of 

correlation among the exposures of interest was necessary to minimize the problem of 

multicollinearity in the final model. Finally, the group of significant exposures was 

placed in a model with the covariates meeting the initial screening process, and manual 

stepwise backwards regression was used to achieve a final model containing only those 

exposure variables where P was less than either 0.008 (2001) or 0.006 (2002) and any 

covariates acting as important confounders (either P was less than 0.05 or removal of the 

covariate from the model changed the effect estimate for the exposure by more than 

10%). 

Models for continuous outcomes 

Ethoxyresorufin-o-deethylase activity and biliary PAH metabolite concentration 

are continuous variables. Factors affecting each biomarker outcome which are continuous 

outcomes were examined using linear mixed models (linear regression models with 

random effects). The first exposure variable of interest was mean airborne S02 

concentration, a continuous variable. Other exposure variables examined included mean 

airborne concentrations of H2S and benzene and the number of well sites within a 1.6 km 

radius of the nest box. Other exposure variables including the selected VOCs (toluene, 

ethyl benzene, m&p-xylene, a-xylene, and hexane) and various proximity measures for 

facility type and flaring and yenting volume were considered as secondary hypotheses if 
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any of the primary hypotheses were significant. Other variables available for the analysis 

include laying date, nest box occupancy rate, nestling age and sex (for nestling weight 

and size analysis only), ambient temperature conditions (mean and minimum daily 

temperature), and total rainfall. Calculations were performed using restricted maximum 

likelihood estimation (the restricted generalized iterative least-squares (RIGLS) algorithm_ 

in MLwiN). 

Assessment of interaction 

After establishing a "final" main effect model, biologically reasonable first order 

interaction terms were added and assessed for their association with the biomarker 

outcomes. Interactions between signi~cant exposures in the final models were examined 

where more than one exposure was significant, as were potential interactions between 

confounders of interest and exposure, if more than one was significant in the final model. 

Model diagnostics 

The adequacy of the models for continuous biomarker endpoints were evaluated 

using normal probability plots of residuals and plots of residuals vs. predicted values to 

check that the assumptions of normality and homogeneity of variance had been met. All 

plots were examined starting at the highest and progressing through lower levels of 

aggregation to identify outliers and examine their influence on each model. 

3.3 Results 

3 .3 .1 Contaminant Concentrations and Co variates 

Exposure concentrations of S02 and the VOCs (Table 29), and proximity measures of 

exposure to oil and gas emission sources (Tables 30 and 31) were determined for 2001 
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Table 29. Descriptive summary of airborne contaminant exposure variables of interest in 
2001 and 2002 

Standard IQRb {~ercentiles} 97.5th 

Contaminant Concentrationa Mean Deviation Median 25th 75th ~ercentile 

Year 1 (2001) 

802 (ppb) 0.64 0.22 0.66 0.45 0.75 1.12 

Benzene (1Jg/m3
) 0.24 0.10 0.22 0.15 . 0.29 0.47 

Hexane (1Jg/m3
) 1.09 0.97 0.67 0.41 1.49 4.31 

Toluene (1Jg/m3
) 0.37 0.14 0.37 0.27 0.45 0.63 

Ethylbenzene (1Jg/m3
) 0.08 0.04 0.07 0.05 0.10 0.15 

m& p-Xylene (1Jg/m3
) 0.19 0.10 0.17 0.11 0.25 0.44 

Year 2 (2002) 

802 (ppb) 0.63 0.27 0.56 0.44 0.76 1.36 

H2S (ppb) 0.15 0.14 0.11 0.10 0.15 0.57 

Benzene (1Jglm3
) 0.26 0.10 0.23 0.18 0.33 0.43 

Hexane (1Jglm3
) 1.50 0.14 1.04 0.57 1.57 10.41 

Toluene (1Jg/m3
) 0.28 0.16 0.26 0.18 0.39 0.77 

m& p-X~Iene (1Jg/m
3

) 0.08 0.05 0.08 0.05 0.09 0.25 
8 For the period beginning seven days prior to laying date and ending 19 days post hatch 
blnterguartile range 
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Table 30. Descriptive summary of proximity to oil and gas emission sources and volume 
of flared and vented gas in 200 1 a 

Standard IQRb (percentiles) 

Mean Deviation Median 25th 75th 

Number of oil and gas well sitesc 4.2 6.2 3.0 1.0 5.0 

Number of battery sites (total)c 0.7 
Number of large field facilities (gas plants)d 2.7 
Number of large field facilities 
(gas gathering systems) 1.9 
Battery Sites: 

Total volume of gas flared (X 103 m3
) 0.96 

Large Field Facilities (total volume of gas flared): 

1.2 

2.2 

1.6 

6.52 

0.0 

2.0 

2.0 

0.00 

0.0 

1.0 

1.0 

0.00 

Gas plants (X 103 m3
) 30.94 68.96 0.00 0.00 

Gas gathering systems (X 103 m3
) 0.20 0.92 0.00 0.00 

8 For the period beginning seven days prior to laying date and ending 19 days post hatch 
blnterquartile range 
cWithin a 1.6 km radius of nest box location 

dWithin a 8.1 km radius of nest box location 
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Table 31. Descriptive summary of proximity to oil and gas emission sources and volume 
of flared and vented gas in 2002a 

Standard IQRb (percentiles) 

Mean Deviation Median 25th 75th 

Number of oil and gas well sitesc 4.1 5.2 3.0 1.0 5.0 

Number of battery sites (total)c 0.8 1.2 0.0 0.0 1.0 

Number of large field facilities (gas plants)d 3.9 2.5 4.5 2.0 6.0 
Number of large field facilities 
(gas gathering systems) 2.6 2.0 3.0 1.0 4.0 
Battery Sites: 

Total volume of gas flared (m3
) 4.16 13.06 0.00 0.00 0.00 

Large Field Facilities (total volume of gas flared): 

Gas plants (m3
) 46.18 100.93 0.00 0.00 20.39 

0.00 Gas gathering systems (m3
) 2.64 11.96 0.00 0.00 

aFor the period beginning seven days prior to laying and ending 19 days post hatch 
blnterquartile range 
cWithin a 1.6 km radius of nest box location 

dWithin a 8.1 km radius of nest box location 
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and 2002. All compounds were used for analysis purposes, except a-xylene (200 I and 

2002) and ethylbenzene (2002), which fell below quantifiable limits. Airborne 

concentrations of S02 remained relatively constant between 2001 and 2002, while 

benzene and hexane increased in 2002 relative to 200 I, and toluene and m& p-xylene 

decreased in 2002 relative to 200 I (Figure 5). The total number of well sites, battery 

sites, and large field facilities (plants and gathering systems) were relatively similar in 

2001 and 2002. Volumes of flared gases from those facilities were higher in 2002 relative 

to 200 I, and tended to be generally low, with the top 2.5 % of the data showing higher 

volumes of flaring, as indicated by the 97.51
h percentiles. 

In both the 200 I and 2002 breeding seasons, several factors were considered as 

likely to contribute to the analysis of the biomarker variables as fixed effects. In 

particular, data were collected on total monthly precipitation (mm), ambient air 

temperature (minimum and average measured in °C), and nest occupancy rate grouped at 

the farm level (Table 32). Although average temperatures remained similar in 2001 and 

2002, values for minimum temperature indicate that 2002 was a colder season than 200 I 

(Figure 6). 

The potential for clustering of responses at the farm and ecological region were 

also evaluated. In both 200 I and 2002, there were similar distributions of nests in each of 

the five ecological regions found in our study area. Specifically, for 2001 and 2002 

respectively, there were 12 and 4 nests found in the moist mixed grassland region, 67 and 

61 nests found in the aspen parkland region, 39 and 40 nests found in the boreal transition 

region, I 7 and 18 nests found in the fescue grassland region, and 5 and 4 nests found in 

the western Alberta upland region. 
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Figure 5. Comparative description of airborne contaminant exposure variables in 2001 
and 2002 for the period beginning seven days prior to laying date and ending 19 days 
post hatch 

Table 32. Descriptive summary of co variates of interest in 2001 and 2002 for the period 
beginning seven days prior to laying date and ending 19 days post hatch 

Standard IQRa (percentiles) 
Covariates Mean Deviation Median 25th 75th 

2001 
Average Temperature (°C) 12.1 0.9 11.8 11.5 12.7 

Minimum Temperature (°C) 5.9 1.3 5.3 5.3 6.7 
Total precipitation (mm) 56.8 16.1 57.2 47.5 64.0 

Nest occupancy rate 0.68 0.26 0.80 0.43 0.90 
2002 

Average Temperature (°C) 11.6 1.0 11.2 10.9 11.7 
Minimum Temperature (°C) 1.6 1.5 1.5 0.3 2.8 

Total precipitation (mm) 36.9 16.1 48.1 31.7 50.0 
Nest occupancy rate 0.76 0.22 0.80 0.70 0.90 

alnterquartile range 
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3.3.2 Summary of Outcomes 

In 2001, there was a total of300 nest boxes located on 30 farms available for 

occupation, while in 2002 there were 240 boxes on 24 farms available for occupation. 

The mean, standard deviation, median and quartiles of EROD activity and PAH 

metabolite concentration are listed in Table 33. 

3.3.3 Ethoxyresorufin-o-deethylase Activity 

2001 Season 

Ethoxyresorufin-o-deethylase (EROD) activity (pmol/min/mg) was not 

significantly associated with mean airborne S02 concentration (ppb ), or mean benzene 

concentration (J..Lg/m3
) from the period of nest initiation to 19 days post hatch, or to 

proximity of oil and gas well sites (within a 1.6 km radius) in 2001 (Table 34). 

Concentration of S02 and proximity of oil and gas well sites were combined separately in 

models with laying date, nest occupancy rate, minimum temperature and sex to describe 

the final significant predictors of EROD activity. Nest occupancy rate (~-166.57, 95o/o CI 

-299.51 to -33.64, P = 0.01) and minimum temperature (~-34.11, 95o/o CI -61.56 to -6.66, 

P = 0.02) remained the only correlates ofEROD activity (Table 35). 

2002 Season 

Similar to 2001, EROD activity was not significantly associated with mean 

airborne S02 (ppb ), H2S (ppb) or benzene (J..Lg/m3
) concentrations from the period of nest 

initiation to 19 days post hatch, or to proximity of oil and gas well sites after correcting 

for experiment-wise error rate. There was, however, a trend to increasing EROD activity 

with increasing S02 levels (Table 36). 
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Table 33. EROD activity and PAH metabolites in nestling starlings in 2001 and 2002 

Samples Standard 

Biomarker outcome farms nests (n) Mean Deviation 
2001 
Hepatic EROD activity (pmol/min/mg) 26 74 141 268.1 143.8 
Biliary PAH metabolites (fluorescence units) 16 42 42 902.5 770.3 
2002 
Hepatic EROD activity (pmol/min/mg) 21 90 145 168.6 69.5 
Biliary PAH metabolites (fluorescence units) 21 88 136 1304.0 1442.0 

IQR 

Median 25th percentile 75th percentile 

236.7 172.3 328.1 
822.0 230.3 1366.8 

156.3 119.8 207.2 
974.0 452.0 1559.3 



Table 34. Univariable associations between mean contaminant exposure variables plus 
supporting predictors and EROD activity in 2001 a,b 

95% Confidence interval for 13 
Variable 

Regression 
coefficient (13) Lower Upper P-valuec 

Risk Factors 

so2 concentration (ppb) 
Benzene concentration (1Jg/m3

) 

Number of oil and gas well sitesd 
Supporting Predictors 

88.9 

80.3 
3.4 

-74.7 252.5 

-258.7 419.3 
-0.8 7.6 

Lay date -4.3 -8.7 0.1 
Nest occupancy rate -123.2 -258.0 11.5 
Total precipitation (mm) 0.4 -1.6 2.4 
Minimum Temperature (°C) -25.4 -53.2 2.4 
Average Temperature (°C) -25.5 -62.1 11.0 
Age (17 days post hatch) -50.2 -128.4 27.9 
Age (19 days post hatch) 9.6 -66.1 85.3 
Sex (female) -44.4 -98.3 9.5 
Sex (male) Reference category 
Sex (unknown) -26.5 -93.8 40.8 

0.29 

0.64 
0.12 

0.06 
0.07 
0.69 
0.07 
0.17 
0.56 
0.56 
0.17 

0.17 
aFar the period beginning seven days prior to laying and ending 19 days post hatch 
bData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.008 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 

Table 35. Final model describing significant correlates ofEROD activity in starling 
nestlings at 19 days post hatch in 2001 a 

Variable 
Intercept 
Covariates 

Regression 
Coefficient(@) 

574.9 

95% Confidence interval for @ 
Lower Upper P-valueb 

373.6 776.2 

Nest occupancy rate -166.6 -299.5 -33.6 0.01 
Minimum Temperature CC) -34.1 -61.6 -6.7 0.02 
aData are structured as a three level model with nestling (the unit of analysis) within nest box 
within farm 
bp < 0.008 was considered significant after adjusting for experiment-wise error rate 
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Table 36. Univariable associations between mean contaminant exposure variables plus 
supporting predictors and EROD activity in 2002a,b 

95% Confidence interval for 13 
Variable 

Regression 
coefficient (13) Lower Upper P-valuec 

Risk Factors 

802 concentration (ppb) 

H2S concentration (ppb) 

Benzene concentration (1Jg/m3
) 

Number of well sitesd 
Supporting Predictors 

83.4 

75.4 
35.1 
2.3 

11.5 

-81.1 
-174.6 

-0.9 

155.4 

231.9 
244.9 

5.5 

Lay date -1.0 -7.2 5.1 
Nest occupancy rate -31.0 -117.0 54.9 
Total precipitation (mm) 0.4 -0.9 1.8 
Minimum Temperature (°C) -5.4 -18.7 7.9 

· Average Temperature (°C) -5.6 -26.8 15.5 
Sex (female) 2.0 -16.8 20.9 
Sex (male) Reference Category 

0.02 

0.35 
0.74 
0.16 

0.74 
0.48 
0.56 
0.43 
0.60 
0.61 

Sex (unknown) -16.1 -61.7 29.5 0.61 
aFor the period beginning seven days prior to laying and ending 19 days post hatch 
bData are structured as a three level model with nestling (the unit of analysis) within nest box within 
farm 
cp < 0.006 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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2001 Season 

3.3 .4 Concentration of Biliary Polycyclic Aromatic Hydrocarbon 

Metabolites 

Biliary PAH metabolite concentration (fluorescence units) was not significantly 

related to mean airborne S02 concentration (ppb ), or mean benzene concentration 

(J.tg/m3
) from the period of nest initiation to 19 days post hatch, or to proximity of oil and 

gas well sites (Table 37). Although benzene exposure, nest occupancy rate, total monthly 

precipitation and average temperature were included together in a model to describe 

biliary PAH metabolite concentration, only total monthly precipitation (~ 14.1, 95% CI 

1.7- 26.6, P = 0.03) remained as a significant predictor of this outcome. 

2002 Season 

Biliary PAH metabolite concentration (fluorescence units) was not significantly 

related to mean airborne S02, (ppb ), H2S (ppb ), or benzene (J.tg/m3
) concentrations from 

the period of nest initiation to 19 days post hatch, or to proximity of oil and gas well sites 

(Table 38). No other risk factors warranted inclusion to the final model. 

3.4 Discussion 

Ethoxyresorufin-o-deethylase activity has been used in previous studies as an 

indicator of cytochrome P450 activity in mammals and birds, and as a biomarker for 

contaminant exposure, including PAHs (Custer et al., 2001 ~Custer et al., 2000~ Gagnon 

and Holdaway, 2000; Smits et al., 1999; Renauld et al., 1999~ Sanderson et al., 1998; 

Trust et al., 1994). In this study no relationship was found between contaminant 

exposures or proximity to oil and gas well sites and EROD activity. 
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Table 37. Univariable associations between mean contaminant exposure variables plus 
supporting predictors and biliary P AH metabolite concentration in 2001 a,b 

Regression 95% Confidence interval for @ 
Variable coefficient(@) Lower Upper P-valuec 
Risk Factors 

S02 concentration (ppb) -218.0 -1375.8 939.8 0.71 

Benzene concentration (1Jg/m3
) 1396.6 -655.2 3448.4 0.18 

Number of oil and gas well sitesd -30.9 -90.7 28.9 0.31 
Supporting Predictors 
Lay date -4.1 -38.9 30.6 0.82 
Nest occupancy rate 1148.0 143.3 2152.6 0.03 
Total precipitation (mm) 14.1 1.7 26.6 0.03 
Minimum Temperature (°C) -44.1 -264.3 176.1 0.70 
Average Temperature (°C) -183.3 -445.8 79.1 0.17 
Age (17 days post hatch) 195.2 -409.7 800.1 0.89 
Age (19 days post hatch) -112.7 -795.2 569.8 0.89 
Sex (female) 165.3 -358.0 688.6 0.57 
Sex (male) Reference category 
Sex (unknown) -445.5 -1053.5 162.5 0.57 
aFor the period beginning seven days prior to laying date and ending 19 days post hatch 
bData are structured as a one level model with nest box the unit of analysis 
cp < 0.008 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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Table 38. Univariable associations between mean contaminant exposure variables plus 
supporting predictors and biliary PAH metabolite concentration in 2002a,b 

Variable 
Regression 

coefficient ((3) 

95% Confidence interval for @ 
Lower Upper P-valuec 

Risk Factors 

S02 concentration (ppb) 719.2 -503.3 1941.7 0.25 

H2S concentration (ppb) 353.9 -2498.6 3206.4 0.81 

Benzene concentration (~g/m3) 722.0 -2631.2 4075.3 0.67 

Number of well sitesd -12.3 -91.0 66.3 0.76 
Supporting Predictors 

Lay date 4.4 -119.3 128.2 0.94 
Nest occupancy rate -232.4 -1630.1 1165.4 0.75 

Total precipitation (mm) -2.6 -23.5 18.3 0.81 
Minimum Temperature (°C) -70.7 -288.3 146.9 0.53 
Average Temperature (°C) -32.4 -375.1 310.3 0.85 

Sex (female) -37.8 -553.5 477.9 1.00 
Sex (male) Reference category 

Sex (unknown) 38.8 -735.4 813.0 1.00 
8 For the period beginning seven days prior to laying and ending 19 days post hatch 
bData are structured as a two level model with nestling (the unit of analysis) within nest box 
cp < 0.006 was considered significant after adjusting for experiment-wise error rate 

dWithin a 1.6 km radius of the nest box 
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The quantification of EROD activity as a measure of cytochrome P450IA 

induction has limitations, which may prevent subtle effects (as those in this study would 

have been) from being detected. For example, Sanderson et al. (1998) and Davis et al. 

(1997) found great interindividual variability in EROD assay response in Double Crested 

Cormorants (Phalacrocorax auritus). Similarly, Hansson et al. (1985) found no gender 

differences in neonatal rat pups with regard to total cytochrome P450 content, but the 

degree of enzyme response varied between the sexes. Others have found that EROD 

activity varies according to season, reproductive status (Carlson et al., 2003), and age 

(Rattner et al., 1997) of the animal. In this study, we attempted to correct for possible 

age, sex and seasonal differences that .could confound the detection of cytochrome P450 

induction. However, sex was not determined at euthanasia in some nestlings, so 

approximately one third of the birds were classified as 'unknown' when incorporated into 

the fixed effects model for the effect of sex on EROD activity. 

Nest occupancy rate and minimum temperature were important risk factors for 

change in EROD activity in 2001. Specifically, for every one unit (percentage) increase 

in nest occupancy rate on a particular farm, EROD activity decreased by 166.6 

pmol/min/mg, and for every one unit (°C) increase in minimum temperature, EROD 

activity decreased by 34.1 pmol/min/mg. The action of nest occupancy on EROD activity 

is likely related to the random effect of 'farm' on this outcome. In the test for random 

effects, 'farm' significantly influenced the fixed effects of exposure and covariates. 

Environmental conditions to which EROD activity is sensitive may have varied slightly 

between farms, creating a significant confounding effect. The effect of ambient 
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temperature extremes on EROD activity observed in this study is consistent with previous 

findings (Carlson et al., 2003). 

The EROD assay is also particularly sensitive to variations in sample handling. 

For example, Carlson et al. (2003) observed that a delay (48 hours) between time of 

capture and sacrifice of wild rodents may result in underestimation of contaminant 

exposure using hepatic EROD activities, because certain CYP isozymes, particularly 

CYP1A, rapidly down regulate once exposure to contaminants is removed (Peakall et. al., 

1989). The present study involved starling breeding sites spread over a large geographical 

area, such that samples were collected by 2-4 field teams simultaneously. Minor 

differences in sample handling may have occurred among teams. 

Contaminant exposure route may also affect EROD response. Trust et al. (1994) 

found that nestling and adult starlings showed a dose-dependent increase in hepatic 

EROD activity when administered P AHs subcutaneously, but no induction was observed 

when PAHs were given orally. It is possible that the route of exposure in this study did 

not effectively induce EROD activity in the nestlings. Nestlings were likely primarily 

exposed to P AHs via ingestion of invertebrate prey. These contaminants have a greater 

tendency to settle out of the air close to emission sources than S02, H2S, and the VOCs, 

for which inhalation was probably the primary exposure pathway (Slaski et al., 2000). 

Regardless of route of administration, the contaminant concentrations found in this study 

were very low compared with those reported in other studies of EROD induction. 

Therefore, the P AH "dose" may simply have been too low to induce a biomarker 

response in this population of starlings. 
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Finally, although EROD is often the only alk-ROD activity measured in 

biomonitoring programs, determination of the ratios of relative alk-ROD activities 

(MROD, BROD, PROD) may provide additional information on contaminant exposure in 

some cases (Verbrugge et al., 2001 ). In a study of Spectacled Eiders (Somateria fischeri) 

exposed to PCBs and other organic pollutants, EROD demonstrated the highest activity 

compared with MROD, BROD and PROD. However, it also showed the most variability 

between birds (Trust et al., 2000). Determination of other hepatic alk-ROD activities may 

have provided a more complete picture of contaminant effects on P450 activity in the 

present study. 

Analysis of bile samples for the detection of P AHs has been used successfully in 

the study of contaminated sites (Leonard and Hellou, 2001; Gagnon and Holdway, 2000; 

Upshall et al., 1993). High molecular weight metabolites ofPAHs are preferentially 

excreted into bile, and since the sample is relatively homogeneous and free of lipids, it 

can be analyzed directly (Lin et al., 1994). In the present study, PAH metabolite 

conc·entration in bile samples from starling nestlings was not associated with any measure 

of exposure. The lack of association could have resulted from use of S02, H2S and 

benzene as surrogates to represent P AH exposure (since airborne P AH concentrations 

were not measured by the passive air monitors). Determination ofPAHs by the SFS 

method is very specific, and exposure to other xenobiotics will not interfere with the 

measurements (Ariese et al., 1993). Ariese et al. (1993) showed that SFS could be used as 

a relative measure for the total uptake of pyrolytic PAHs. Various studies have found that 

B(a)P and pyrene are good indicators of the relative amount of total PAH exposure, and 

their use enables detection Qf a higher concentration of P AH metabolites in contaminated 
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animals when compared to controls (Gagnon and Holdway, 2000; Lin et al., 1994; 

DiGiulio et al., 1993). 

Biliary P AH metabolite concentrations may be affected by physiological conditions, 

including nutritional status and other confounders. Ariese et al. (1993) found that biliary 

metabolite concentrations of P AHs in fish depend strongly on feeding status, increasing 

during periods of starvation. Other studies have shown that metabolite excretion peaks 

two or three days after administration of P AHs and then decreases to basal levels over 

time (Gagnon and Holdway, 2000; Upshall et al., 1993). In the present study, in 2001, 

total monthly precipitation was an important factor for P AH metabolite concentration 

such that, as total precipitation increased by 1 mm, P AH metabolite concentration 

(expressed as fluorescence units) increased by 14.1. Although significant, this result may 

not be biologically relevant. The range of fluorescence units, as a measure of P AH 

metabolite concentration, was 35-3359, indicating that a difference in 14 units does not 

likely indicate a real difference in exposure over the broad range of contaminant 

concentrations observed. 

Some researchers have reported that CYPIA induction as measured by EROD and the 

other alk-ROD assays was positively correlated with PAH concentration in birds and fish 

(Custer et al., 2000; Gagnon and Holdway, 2000; Upshall et al., 1993). Consistent with 

these reports, the present study did not find an association between EROD activity and 

did not find an association between P AH metabolite concentration and contaminant 

exposure. An additional biomarker that is associated with PAH metabolite presence in 

bile or feces and which may have been suitable for inclusion in this study is DNA adduct 

formation (Hegstad et al., 1999). 
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3.5 Conclusions 

Although no association was found between EROD activity or PAH metabolite 

concentrations in starling nestlings and the exposure variables measured, nest occupancy 

rate (an effect of nest location on the outcome variable), and minimum temperature acted 

as important predictors ofEROD activity, while total monthly precipitation was 

associated with P AH metabolite concentration in 2001. Although variation in nestlings, 

seasonal conditions, and sample handling could have contributed to the lack of 

association between contaminants and the biomarker responses that is not likely the best 

explanation for the lack of association in this case. Because direct measurement of 

airborne or ingested concentrations of P AHs (the contaminant class that would most 

strongly affect EROD activity and biliary P AH metabolite concentration) were not 

available for this study, airborne concentrations of S02, H2S, and benzene were used as 

surrogates. These contaminants may not have been suitable surrogates for P AH 

concentration. However, the measurement of proximity to oil and gas well sites, which 

would include exposure to all contaminants resulting from emissions by those sites, was 

also not related to biliary PAH metabolite concentration. Most importantly, it should be 

noted that, although many of the study sites were in close proximity to relatively large 

numbers of oil and gas emission sources, airborne contaminant concentrations as 

measured by passive air monitors were found to be quite low. Thus, exposure was likely 

insufficient to induce a biomarker response in these nestlings. Nestling starlings were 

successfully used in this study of large scale environmental effects from exposure to 

inhaled toxicants. Further work should include direct measurement of airborne and 

dietary P AHs to complement the analysis of biliary P AH metabolites. 
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4.0 GENERAL DISCUSSION 

Variables such as reproductive success and the use of biomarkers, including 

EROD and PAH metabolite analysis, have often been combined in studies of avian and 

other wildlife populations to assess the biological effects of contaminated environments 

on these populations (Bishop et al., 1999; Custer et al., 1999; Smits et al., 1999; Bosveld 

et al., 1995). However, these studies have always found that the biomarker responses 

reflected reproductive effects of certain contaminants. For example, Bishop et al. (1999) 

found that EROD was significantly induced at sites contaminated with chlorinated 

hydrocarbons compared with all other sites; however, reproductive outcomes, including 

hatching success and fledging success were not altered. Similarly, Bosveld et al. (1995) 

found that although no difference was noted in hatching success or incubation time 

between exposed and unexposed birds, EROD was significantly elevated. Conversely, 

others have found that alterations in reproductive outcomes do concur with changes in 

EROD activity between contaminated and uncontaminated sites (Smits et al., 1999), 

while some have found no influence of contamination on either EROD activity ot 

reproductive success (Custer et al., 1999). 

In the present study of the effect of oil and gas emissions on nestling starlings, the 

outcomes associated with reproductive success, including hatching and fledging failure, 

and nestling development and size, were not generally related to contaminant 

concentrations in the 
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environment, although size of nestlings was significantly smaller, as measured by tarsal 

length, with increasing concentrations of benzene exposure in one year of the study. 

Furthermore, no association was found between biomarker responses, including 

cytochrome P4501A activity (measured via EROD) and biliary PAH metabolite 

concentrations, and contaminant levels in the environment. These results may indicate 

that: 1) airborne contaminant concentrations were not sufficient to invoke a biomarker 

response, or that the contaminants were not bioaviable (although benzene concentrations 

were sufficient to impair nestling condition as shown by decreased nestling size); or 2) 

the contaminants chosen as surrogates to those that induce these biomarkers (P AHs) were 

not appropriate to demonstrate a measurable response in EROD activity or biliary P AH 

metabolite concentrations. 

Although some explanation of yearly differences and confounding variables was 

provided to clarify these results in previous chapters, a large contributing factor may have 

been the actual contaminant concentrations and range of exposures found on study sites. 

As was previously suggested, contaminant levels may simply have been too low to 

trigger measurable biological effects, or the range of contaminant exposures across the 

study sites may not have been broad enough to result in outcome differences. To explore 

these hypotheses, levels of the primary exposure variables (S02, H2S, and benzene) in 

this study were compared with known threshold limit values (TL V) established by the 

American Conference of Governmental Industrial Hygienists, (ACGIH) (Table 39). 

Threshold limit values are guidelines (not standards) prepared by the ACGIH to assist 

industrial hygienists in making decisions regarding safe levels of exposure to various 
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Table 39. Comparison of starling exposures to S02, H2S, and benzene in 2001 and 2002 
with threshold limit values (TLVs) established for humans by the ACGIH 

Standard 
Contaminant Mean Deviation Median Minimum Maximum TLV 
2001 

so2 0.637 ppb 0.224 0.655 ppb 0.165 ppb 1.316 ppb 2.0 ppm 

H2S 
Benzene 0.236 1JQ/m3 0.103 0.2211Jg/m3 0.009 1JQ/m

3 0.485 1Jg/m3 1.6 mg/m3 

2002 

802 0.632 ppb 0.273 0.559 ppb 0.226 ppb 1.370 ppb 2.0 ppm 

H2S 0.15 ppb 0.136 0.112 ppb 0.063 ppb 1.127 ppb 5 ppm 

Benzene 0.259 ~g/m3 0.095 0.233 ~g/m3 
0.109 ~g/m3 0.434 ~g/m3 1.6 mg/m3 
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hazards found in the workplace. Therefore, a TL V reflects the level of exposure that a 

typical human worker can experience without an unreasonable risk of disease or injury. 

The exposure values reported in Table 34 spanned the period beginning when nesting 

was initiated, and ending with fledging of the brood (the longest period), so reflect the 

highest possible exposures to nestling starlings at the most vulnerable time of their lives. 

As the table shows, the TL V s set for S02, H2S, and benzene are expressed in ppm, ppm, 

and mg/m3
, respectively. Threshold limit values are all one order of magnitude greater 

than the reported maximum values for the exposure variables in the present study. 

However, TLV values are reported as the time-weighted average concentrations for 

single contaminants for a conventional eight-hour work day and a 40 hour work week. 

The starling nestlings in this study were exposed to a suite of contaminants 24 hours per 

day throughout the study period, so could have higher cumulative exposures than 

workers, and potentially more complicated exposure effects, due to the combination of 

contaminants, and the vulnerability of their stages of development and growth. This 

mixture effect may account for the seemingly inconsistent association between nestling 

size and benzene, when compared with the null effects on all other outcomes. However, 

human workplace safety guidelines are constructed with large safety margins, since most 

studies of contaminants are preformed on laboratory animals rather than human subjects. 

Therefore, indices such as TLVs may still apply (with some uncertainty) to a constant 

exposure scenario, such as experienced by the nestling starlings in this study. 

The driving force behind the Western Canada Beef Productivity Study, of which 

this study was a part, was to answer concerns from the general public living near oil and 

gas processing facilities regarding the health and reproductive consequences to their 
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livestock (and themselves) of living near those emission sources. Direct comparison of 

avian reproduction and hepatic detoxification data with those expected in human or 

livestock populations carries substantial uncertainty. However, when rigorously 

determined results are obtained from the most vulnerable segment of a population of a 

sentinel species (developing and neonatal animals) in a contaminated environment (as 

with nestling starlings in this study), that species may function as a bioindicator, to detect 

potential adverse effects in other species living in the same contaminated environment. 

Studies such as this one can provide information to construct a picture of environmental 

health, which may assist decision makers and stakeholders. If, for example, results of 

reproductive studies indicated instability in the population of the bioindicator species, 

 these data may be useful in justifying the need for intervention to reduce contaminant 

impact. 

In the present study, apart from an association between decreased nestling size 

and benzene exposure, there were few indications that starlings living near oil and gas 

facilities and exposed to greater levels of hydrocarbon contaminants were at increased 

risk of reproductive failure. However, risk of adverse health and reproductive effects due 

to oil and gas industry emissions could not exist. Further studies are required to properly 

address the question of environmental risk due to oil and gas industry emissions. It would 

be beneficial, as part of these proposed future studies, to measure contaminants that are 

more specific to the biomarker responses being determined. For example, direct 

measurement of airborne and ingested P AHs would complement the detection of biliary 

PAH metabolites and EROD activity. It would also be helpful to include a larger suite of 

alk-ROD assays, including BROD, MROD, and PROD which are each specific to a 
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different class of compounds, and could therefore provide more insight into the range of 

bioavailable contaminants. Because avian cytochrome P450s are not as well 

characterized as those in mammals, the isozymes specific to one of the alk-ROD assays 

may not be present in birds, so may be missed if the other assays are not completed. 

The biomarkers used in the present study were appropriate for a relatively narrow 

range of contaminants, and were chosen to assess hepatic detoxification effort. A more 

comprehensive approach to evaluate avian health would include indices of DNA 

. integrity, immunological status, and measures of the health of the hematopoetic system, 

as well as detoxification enzyme capabilities in the pulmonary system. With these 

combined endpoints, more subtle changes in the health of wild birds living in these types 

of environments may be discemable. 

In addition, although the starling was a good model for this study, the use of a 

small, short-lived passerine bird alone may not be adequate to demonstrate the effects of 

some oil field contaminants. Longer lived species that feed higher on the food chain, may 

be more appropriate for the detection of potential effects due to bioaccumulation from 

food sources. Although birds are good species to use as indicators of environmental 

health, a more holistic assessment would also include a terrestrial wildlife species. For 

instance, the same suite of biomarkers also applied to a ground dwelling small mammal, 

which may be exposed through soil ingestion or water consumption in addition to 

inhalation, may provide additional insight into our understanding of the biological impact 

of oil and gas industry emissions. 

In summary, airborne concentrations of the primary contaminants (S02, H2S, and 

benzene) measured in this study, and proximity to oil and gas wells were not sufficient to 
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induce hepatic detoxification enzyme systems, and did not cause adverse reproductive 

effects in exposed nestlings, although measurable effects on nestling tarsal length were 

observed. This effect on nestling growth should be investigated further, with particular 

attention paid to controlling potential confounding variables in order to determine if 

concern by local residents and livestock producers is warranted. In order to improve 

assessment of risk to environmental health in the oil patch, more holistic studies should 

be undertaken. These studies should include use of a more comprehensive suite of 

biomarkers as well as the use of more than one wildlife species, particularly focusing on 

species that occupy different environmental niches, such that all routes of exposure can 

be assessed. 
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