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PREFACE 
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ABSTRACT 

The petroleum industry is a major political and economic force in western 

Canada, and rural communities are concerned that airborne emissions from extraction and 

processing facilities may be adversely affecting their health and the environment. Since 

these emissions contain genotoxic contaminants, including polycyclic aromatic 

hydrocarbons and other organic compounds, the overall goal of this research was to 

assess whether chronic exposure to airborne emissions from petroleum field facilities is 

damaging to the genetic make-up of a representative small mammal, Richardson's ground 

squirrel (Spermophilus richardsonii). 

In 2002, ground squirrels were captured at 21 sites in Alberta and Saskatchewan 

representing a range of exposure to oil and gas field facilities. Tissue analysis included 

four methods (cytochrome P450 induction, the comet assay, flow cytometric DNA 

analysis, and histopathology) that were used to evaluate the progression of genotoxic 

effects, as well as two general indices of health, body condition and white blood cell 

(WBC) counts. The number of facilities and the total volumes of gases flared or vented 

within a defined radius of the trap locations were then examined for any association with 

measured biological outcomes. 

Hepatic cytochrome P4501A1 activity, as measured by the 7-ethoxyresorufin 0-

deethylase (EROD) assay, was increased in association with gas venting from small 

facilities (e.g. batteries; P < 0.0101) and the number of oil and gas wells (P < 0.0249), 

while cytochrome P4501A2 activity, as determined by the 7-methoxyresorufin 0-

deethylase (MROD) assay, was unrelated to facility exposure. The comet assay suggested 

evidence of primary genetic damage (DNA strand breaks) in peripheral WBCs, as comet 

tail ratios were significantly increased in association with flaring from gas processing 

plants (P < 0.0124). However, flow cytometry results provided no indication of 

chromosomal damage in WBCs associated with facility exposure. The incidence of 

lesions in the liver, but not in the lung, kidney, or heart, was significantly increased in 

ground squirrels exposed to gas plant flaring (P = 0.01 09). Among the nonspecific health 

indicators, only total WBC counts and lymphocyte counts were related to petroleum 
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facility exposure, with both outcomes being increased with exposure to large facilities (P 

< 0.0060 and P < 0.0096, respectively). 

Together, these results suggest that ground squirrels living near petroleum field 

facilities are experiencing a degree of genotoxic and immunotoxic stress and potentially 

altered liver function. Given the possible adverse consequences of these effects such as 

increased malignancy, impaired reproduction, and reduced resistance to toxicants and 

disease, further research is recommended in order to better characterize the health risks to 

rural residents, domestic animals, and wildlife living near these facilities. Better 

understanding of the effects of industry emissions on air quality is necessary to achieve 

sustainable exploitation of petroleum resources, both in Canada and worldwide. 
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CHAPTER! 

GENERAL INTRODUCTION 

1.1 Background to the Study 

The petroleum industry is a major political and economic force in western 

Canada, with an enormous environmental footprint rivaled only by the agriculture sector. 

Throughout the oil-producing region, field facilities, including wells, batteries, gas 

processing plants and gas gathering systems, are found in close proximity with 

agriculture, parklands, and rural communities. The odour and smoke from these facilities 

has provoked substantial concern about adverse air quality-related health effects 

(Nikiforuk 2001 ). Anecdotal reports implicating airborne emissions as the cause of 

increased congenital defects, miscarriage, and cancer in farm families have prompted 

several epidemiological studies, which have failed to alleviate public concern (Dales et 

al. 1989, Schecter et al. 1989, Spitzer et al. 1989, Schecter et al. 1990). More recent 

studies in cattle (Waldner et al. 2001a,b, Scott et al. 2003a-c) have suggested an 

association between facility exposure and increased risk of stillbirth and time to first

calving, but the limited scope of these investigations has left many questions about 

potential adverse effects unanswered. One important data gap concerns the risk of genetic 

damage. Since several components of the airborne emissions are known mutagens and 

carcinogens, including benzene and various polycyclic aromatic hydrocarbons (P AHs; 

e.g. benzo[a]pyrene), it is important to address the potential for genetic damage from 

exposure to the emissions. 

Genetic toxicology (genotoxicology) is the study of the interaction of DNA

damaging agents with genetic material in relation to subsequent health effects at higher 

levels of organization (Shugart 1994). Mutations and structural changes to DNA may, if 

uncorrected, lead to cancer and other degenerative diseases, or compromise fertility and 

reproduction (Shugart 1999). Interest in genotoxic effects of exposure to environmental 

contamination is rapidly growing as part of a desire to better understand subtle and 
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sublethal mechanisms of toxicity. Recognizing the need to evaluate long-term, low-level 

exposure to contaminants, which are often present as complex mixtures, biomonitoring 

studies using wildlife as sentinels of environmental quality are particularly valuable. 

The intent of this project is to evaluate the genotoxic potential of airborne 

emissions associated with petroleum field facilities using an indigenous small mammal, 

Richardson's ground squirrel (Spermophilus richardsonii), as a model. This information 

will help address the environmental impacts associated with the extraction and processing 

of oil and natural gas, and guide new avenues of investigation in other potentially 

affected species, including livestock and humans. Better understanding of the effects of 

airborne emissions is necessary in achieving sustainable exploitation of petroleum 

resources, both in Canada and worldwide. 

1.2 Airborne Emissions and the Petroleum Industry 

Airborne emissions from oil and gas extraction and processing facilities include 

contaminants released through flaring (controlled burning), venting (direct release), and 

accidental spills and leakage (fugitive gases). In 2002, facilities in the province of Alberta 

alone flared or vented over 1.5 billion cubic meters of petroleum products into the 

atmosphere (Alberta Energy and Utilities Board [AEUB] 2003). Flaring is the most 

visible source of atmospheric pollution, and remains a primary concern of stakeholders. 

Flaring is a controlled burning process used to dispose of natural gas waste that cannot be 

processed or sold, and is an important safety measure during operational upsets. Venting, 

in contrast, involves the direct and intentional release of waste gas into the atmosphere, 

and is used when there is too little gas to support combustion in a flare. In a typical flare 

stack, jets of gases are ignited and combustion occurs as a turbulent diffusion flame, 

releasing more desirable (i.e. less harmful) oxidation products into the atmosphere 

(Johnson et al. 2001). Flare systems may be installed at well testing locations, natural gas 

or oil batteries, gas processing plants, and other gas gathering systems. In Alberta, flaring 

mostly occurs as solution gas flaring at batteries where well production is processed and 

stored (AEUB 2003). When the gas contains little or no hydrogen sulfide (H2S), it is 

considered "sweet", whereas gas containing more than about one percent H2S is generally 

considered "sour" (Petroleum Communication Foundation 2000). While 94.7% of 

solution gas produced in Alberta in 2002 was conserved (i.e. delivered for sale or use), 
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over 514 million cubic meters of waste gas was still burned in flares (AEUB 2003). 

Ideally, with the right proportions of fuel and oxygen, flared gases would be 

burned completely within the flame to produce heat, water vapour, and carbon dioxide 

(Strosher 2000). Gases containing H2S would also produce sulfur dioxide (S02; Strosher 

2000). However, black smoke (representing unburned hydrocarbons) and detectable 

odours (representing unburned noxious compounds such as H2S) suggest that flaring is 

not an efficient process, observations substantiated by recent field tests indicating a wide 

range of hydrocarbons in the emissions (Strosher 2000). These products of incomplete 

combustion in a sweet flare (burning with 62-71% efficiency) included benzene, styrene, 

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

acenaphthalene, biphenyl, and fluorene (Strosher 2000). The sour flare was more efficient 

(84o/o by carbon mass balance), releasing fewer hydrocarbons, but also produced so2, 
carbon disulfide, some thiophenes, H2S, and carbonyl sulfide (Strosher 2000). Exactly 

what compounds are released is highly variable from flare to flare, and is influenced by 

factors such as flare design, operating conditions, and the composition of the fuel 

(Strosher 2000). In addition, the volume of gas flared or vented at individual sites can 

vary on a monthly basis (Johnson et al. 2001). 

Once the combustion products are released into the atmosphere, the 

concentrations that terrestrial organisms may be exposed to at ground level are largely 

unknown. The height of the flare stack and relatively high velocity of the exiting gases 

facilitates dispersion of the plume by wind before the emissions reach ground level. 

Exposure may increase when atmospheric conditions such as stable thermal inversions 

limit dispersion, and when unburned gases are released during flare outages. Theoretical 

modeling suggests that the highest concentration of contaminants from routine solution 

gas flaring should occur within several hundred meters of the source (Leahey 1996). 

Model results indicate that the predicted maximum daily average concentrations of both 

volatile organic compounds (VOCs) and PAHs decrease to 20% of their largest values at 

about 3 km from a sweet flare and 1 km from a sour flare. The calculated P AH 

concentrations were comparable to levels observed in large industrial cities. 

The question remains whether chemical emissions from petroleum field facilities 

pose a health risk to animals at ground level. While the emissions are complex, many 
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components are not unique to the industry, and are known to be released from sources as 

commonplace as automobiles, forest fires, barbecues, and cigarettes. In a proactive move, 

Canadian regulatory agencies have established guidelines for reducing flaring and 

venting to address concerns about regional air quality, environmental protection, and the 

contribution of greenhouse gases to global warming. Nevertheless, ongoing difficulties in 

recovering marketable gases economically, increasing combustion efficiency, and 

developing safe disposal alternatives suggest that public concerns about chemical 

emissions from petroleum facilities will remain an issue in the Canadian oil patch. 

1.3 The Contaminants: Characteristics and Toxicological Effects 

Airborne contaminants from oil and gas facilities that are of interest in this project 

are those that are either suggested to be present at levels of potential concern and/or 

known to cause toxic effects relevant to the endpoints studied. These contaminants 

include: sulfur compounds (H2S, S02), VOCs (e.g. benzene, ethylbenzene, hexane, 

toluene, and xylenes), and PAHs (e.g. naphthalene, benzo[a]pyrene, phenanthrene, 

fluorene, acenaphthene, and perylene ). Chemical structures of selected contaminants are 

provided in Figure 1-1. 

1.3.1 Hydrogen Sulfide 

Hydrogen sulfide is a colourless, malodorous gas produced industrially during the 

purification of natural and refinery gases (Agency for Toxic Substances and Disease 

Registry [ ATSDR] 1999a). The residence time of H2S in the atmosphere is typically less 

than one day, but may be as long as 42 days in winter (ATSDR 1999a). In the body, H2S 

impairs mitochondrial energy production by inhibiting cytochrome oxidase activity, with 

particularly adverse consequences on tissues with high energy requirements, such as the 

cardiovascular and nervous systems (A TSDR 1999a). At moderate concentrations, H2S 

irritates the eyes and the respiratory tract of laboratory animals after several hours' 

exposure (International Programme on Chemical Safety [IPCS] 1981, ATSDR 1999a). 

Unfortunately, there is little information on the effects of long-term exposure to low 

levels of H2S in animals. Subchronic studies in rats and mice did not show any 

hematological changes or histopathological effects in major organs (aside from the lungs) 

with exposures up to 80 ppm, leading to a No-Observed-Adverse-Effect-Level (NOAEL) 

of 30.5 ppm for respiratory effects in mice (ATSDR 1999a). Virtually nothing 
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is known about the genotoxicity of H2S, though bacterial mutagenesis testing has thus far 

been negative (ATSDR 1999a). 

1.3.2 Sulfur Dioxide 

Sulfur dioxide is a colourless gas with a pungent, irritating odour that is produced 

by volcanoes as well as from fossil fuel combustion, smelting, and petroleum processing 

(IPCS 1979). A water-soluble gas, it is rapidly absorbed by the mucosa of the nose and 

upper respiratory tract, hydrolyzed to sulfites, and distributed throughout the body 

(A TSDR 1998). Sulfur dioxide is primarily a respiratory irritant, stimulating 

bronchoconstriction and mucous secretion (Costa 2001 ). Subchronic exposure of 

laboratory animals to concentrations as low as 0.18-10 ppm has led to histopathological 

changes in lung tissue (IPCS 1979, ATSDR 1998). Oxidative effects on red blood cells 

have been observed in animals exposed to concentrations as low as 0.9 ppm for 24 hours, 

while effects on blood cell numbers are mixed (ATSDR 1998). In one study, rats exposed 

to 1 0 ppm so2 for one hour per day for 45 days had significantly increased red and white 

blood cell counts (Etlik et al. 1997). 

Limited studies suggest that S02 has the potential for genotoxicity. Chromosomal 

aberrations (Meng and Zhang 2002) and micronuclei (Meng et al. 2002) have been 

observed in mouse bone marrow cells after subchronic S02 exposure in vivo, and 

chromosome fragmentation and clumping has been noted in cow and ewe oocytes 

exposed to sodium sulfite in vitro (Jagiello et al. 1975). One carcinogenicity study that 

exposed small numbers of mice to a single dose level of 500 ppm so2 for five minutes 

per day, five days per week for two years detected a significant increase in lung tumours 

in females (Peacock and Spence 1967). Sulfur dioxide (as sulfite) may also act as a co

carcinogen and enhance benzo[a]pyrene (BaP) mutagenicity in bacterial and mammalian 

cells (Reed and Jones 1996). 

1.3.3 Benzene 

Benzene is a colourless, odorous and volatile liquid that is found naturally in 

crude oil and is emitted during the processing of petroleum products (IPCS 1993). 

Estimates for the half-life of benzene in the atmosphere range from 0.1 to 21 days 

(Government of Canada 1993a). Inhaled benzene is readily absorbed by the lungs and 

distributed throughout the body, with metabolism occurring in the liver (CYP2El) and to 
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a lesser extent in the bone marrow (IPCS 1993). The hematopoietic and immune systems 

are sensitive targets for benzene toxicity (ATSDR 1997). Chronic inhalation exposure of 

laboratory rodents to benzene (at concentrations as low as 10 ppm) resulted in bone 

marrow depression expressed as leukopenia, anemia, and/or thrombocytopenia, leading to 

pancytopenia and aplastic anemia (ATSDR 1997, IPCS 1993). Lymphocyte numbers are 

generally depressed most severely and rapidly, while granulocytes are the most resistant 

circulating cell type (ATSDR 1989). In animal studies, immunotoxic effects (probably 

related to bone marrow depression) include B-and T-cell depression with exposure to 

benzene concentrations as low as 1 0 ppm, as well as decreased host resistance to 

infectious agents and transplanted tumour cells (ATSDR 1989, IPCS 1993). 

There is strong evidence that benzene is genotoxic. Rather than causing gene 

mutations, benzene's mode of action is typically clastogenic, leading to structural and 

numerical chromosome aberrations, increased sister chromatid exchange, and induction 

of micronuclei (IPCS 1993, ATSDR 1997). Benzene is also reported to inhibit DNA and 

RNA synthesis, bind to DNA, and interfere with cell cycle progression (ATSDR 1997). 

Recent work with mice has demonstrated that benzene may induce DNA adducts (Li et 

al. 1996) and strand breaks (Plappert et al. 1994, Tuo et al. 1996) in tissues such as the 

bone marrow and peripheral blood cells. Strand breaks may be a consequence of 

benzene-induced oxidative stress (Bruckner and Warren 2001). Susceptibility to 

benzene's genotoxic effects, such as adduct formation, may be attributed to metabolic 

differences (Mani et al. 1999). Male mice in particular have consistently been found to be 

more sensitive than females to genotoxic effects of benzene (Bruckner and Warren 2001 ). 

Based on animal testing and human epidemiology, benzene has been classified as 

a carcinogen by the United States Environmental Protection Agency, the World Health 

Organization, and the International Agency for Research on Cancer. Carcinomas in 

laboratory rodents are often epithelial neoplasms, affecting the Zymbal gland, liver, 

mammary tissue, and nasal cavity, with occasional lymphomas and leukemias (IPCS 

1993 ). A positive carcinogenic response has generally been observed in one- to two-year 

long inhalation studies using exposure concentrations between 31-300 ppm (IPCS 1993). 

1.3.4 Ethylbenzene 

Ethyl benzene is a colourless, odorous, and volatile liquid found in crude oils, 
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refined petroleum products, and combustion products (IPCS 1996). An atmospheric half

life of about 15 hours has been calculated (IPCS 1996). Ethylbenzene is readily absorbed 

by the lungs and distributed throughout the body, and is metabolized by the cytochrome 

P450 (possibly CYP2Bl/2, CYP1Al/2, and CYP2E1) enzyme system (IPCS 1996, 

A TSDR 1999b ). Central nervous system depression and eye and throat irritation have 

been reported after acute inhalation exposure, while chronic exposure affects the lungs, 

liver, and kidneys (ATSDR 1999b ). There is no strong evidence for hematotoxicity, 

though one subchronic study found that the total leukocyte count was significantly 

increased in female F344/N rats exposed to 782 ppm ethylbenzene (Cragg et al. 1989). In 

addition, no histopathological effects have been detected in rats and mice exposed to up 

to 782 ppm ethylbenzene for 13 weeks (National Toxicology Program [NTP] 1992) or in 

rabbits exposed to up to 1610 ppm ethyl benzene for four weeks (Cragg et al. 1989). 

Ethylbenzene is not highly genotoxic. No mutagenic or clastogenic effects have 

been detected in a variety of in vitro assays using bacteria, yeast, Chinese hamster cells, 

and rat liver epithelial cells and in an in vivo assay with mouse bone marrow cells (IPCS 

1996, ATSDR 1999b ). One chronic inhalation study provided clear evidence of 

carcinogenicity (renal and testicular tumours) in male F344/N rats exposed to 750 ppm 

ethyl benzene for up to two years, though the results for female rats and B6C3F 1 mice in 

the same experiment were non-significant (NTP 1999). 

1.3.5 Hexane 

Hexane (n-hexane) is a colourless, odorous, and volatile liquid found in natural 

gas and crude oil (IPCS 1991 ). In the atmosphere, its half-life is estimated to be about 

two to three days (IPCS 1991, ATSDR 1999c). Upon inhalation, hexane is rapidly 

absorbed and distributed throughout the body, and is metabolized by the cytochrome 

P450 system (possibly by CYP1A1 and CYP2B1, Oguri et al. 1994) to a variety of 

compounds (IPCS 1991 ). One metabolite, 2,5-hexanedione, is believed to be responsible 

for the observed neurotoxic effects (Anthony et al. 2001). Hexane causes axonal swelling 

and degeneration in the central and peripheral nervous systems, often leading to 

peripheral neuropathy (Anthony et al. 2001 ). In addition, hexane causes testicular atrophy 

by disrupting the microtubules in Sertoli cells (Thomas and Thomas 2001 ). One study in 

rats suggests that hexane may affect hematological parameters by decreasing hematocrit, 
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hemoglobin concentrations, and mean corpuscular volume (Egeli et al. 2000). 

Limited mutagenicity testing in bacteria and cultured mammalian cells has not 

demonstrated an increase in mutation rate following n-hexane exposure (IPCS 1991, 

A TSDR 1999c ). Some studies have detected chromosomal damage in Chinese hamster 

cells exposed in vitro (Ishidate and Sofuni 1984) and in bone marrow cells of rats 

exposed in vivo (Egeli et al. 2000), but other studies have been negative (Daughtrey et al. 

1994 ). Recent carcinogenicity testing found that chronic exposure to 9000 ppm hexane 

increased the incidence of liver tumours in female B6C3F 1 mice, but not in male mice or 

F-344 rats (Daughtrey et al. 1999). 

1.3.6 Toluene 

Toluene (methyl benzene), a colourless, odorous, and volatile liquid, occurs 

naturally in crude oil and is produced during petroleum refining, styrene production, and 

coke-oven operations (ATSDR 2000). The atmospheric half-life has been estimated at 13 

hours, though it may be as long as 105 hours, depending on conditions (A TSDR 2000). 

Toluene is readily absorbed by the respiratory tract, distributing to the brain and other 

lipid-rich tissues before being metabolized by the hepatic cytochrome P450 system 

(possibly by CYP2El, CYP2Bl/2, or CYP2C6; Oguri et al. 1994, Bruckner and Warren 

2001). Toluene may interact competitively with other VOCs, such as by decreasing n

hexane metabolism and neurotoxicity, and decreasing benzene metabolism and associated 

hematopoietic effects (IPCS 1985, Bruckner and Warren 2001). 

The primary target organ for toluene toxicity is the central nervous system. 

Repeated low-level inhalation exposure leads to subtle behavioural and neurological 

effects in animals, including hearing loss, with central nervous system depression 

appearing with higher exposures (Government of Canada 1992, ATSDR 2000). 

Hematological effects are not widely reported, though animal studies indicate that 

leukocyte counts may decrease temporarily following toluene exposure (A TSDR 2000). 

Results of genetic toxicity testing in a variety of microbial, mammalian-cell and whole 

organism test systems have mostly been negative (IPCS 1985, Government of Canada 

1992, ATSDR 2000, Huff2003). Likewise, chronic carcinogenicity studies found no 

treatment-related increases in neoplasms in rats and mice exposed to toluene 

concentrations up to 1200 ppm (ATSDR 2000, Huff2003). Histopathological changes in 
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major organs were generally absent in low-dose chronic toxicity studies in laboratory 

animals (IPCS 1985, ATSDR 2000). 

1.3. 7 Xylenes 

Xylenes (including o-, m- and p-xylene isomers) are colourless, odorous, and 

volatile liquids that are produced by the catalytic reforming of petroleum and as by

products of the cracking of hydrocarbons (Government of Canada 1993b ). Xylenes 

released into the atmosphere are readily degraded, with calculated lifetimes ranging from 

0.5-1.0 days (ATSDR 1995a). Well-absorbed in the lungs, xylenes are efficiently 

metabolized by cytochrome P450 enzymes (possibly by CYPlAl/2, CYP2B1, CYP2E1, 

and CYP4B 1; Toftgard and Nilsen 1982, Foy et al. 1996) and excreted in the urine (IPCS 

1997). Xylenes are primarily neurotoxicants, and have the potential to affect the central 

nervous system of laboratory animals after chronic exposure to moderate concentrations 

above 160 ppm (IPCS 1997). No hematological effects were observed in guinea pigs 

subchronically exposed to o-xylene intermittently at 780 ppm or continuously at 78 ppm 

(Jenkins et al. 1970), though co-exposure of rats to 500 ppm m-xylene plus 500 ppm 

toluene for three months led to decreased red blood cell count and increased neutrophil 

count (Korsak et al. 1992). 

The weight of evidence suggests that xylenes are not genotoxic (Government of 

Canada 1993b, IPCS 1997). In vitro mutagenicity testing in bacteria and cultured 

mammalian cells has not demonstrated an increase in mutation rate following exposure to 

xylenes, and no chromosomal aberrations were observed in rat or mice bone marrow cells 

after in vivo exposure (ATSDR 1995a, IPCS 1997). Two-year carcinogenicity studies in 

which B6C3F 1 mice and F344/N rats were gavaged daily with xylene at up to 1000 

mg/kg bw or 500 mg/kg bw, respectively, detected no treatment-related increases in 

tumour incidence (NTP 1986, Huff et al. 1988). 

1.3.8 Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons are a group of more than 100 organic 

substances composed of carbon and hydrogen that form two or more condensed aromatic 

ring structures (Government of Canada 1994, ATSDR 1995b ). A natural component of 

coal and petroleum, P AHs may also be produced through the combustion of organic 

matter, such as by forest fires, oil and gas processing, vehicle traffic, and aluminum 
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smelters (IPCS 1998). Being relatively non-volatile and poorly soluble in water, PAHs 

are often found adsorbed to particulate matter (Government of Canada 1994). They have 

low to moderate persistence in the atmosphere, where they may be associated with 

particulates or present in the vapour phase, and may travel some distance until deposited 

on soil and plants (Government of Canada 1994). 

Polycyclic aromatic hydrocarbons are well-absorbed by the skin, lung, and 

digestive tract, and widely distributed in the body, even crossing the placenta (IPCS 

1998). In higher vertebrates, complex metabolism by cytochrome P450 and epoxide 

hydrolase enzymes prevents PAH bioaccumulation (Government of Canada 1994). While 

most metabolism results in detoxification, some P AHs are activated to reactive 

intermediates (principally diol epoxides) that bind to macromolecules such as DNA 

(Santodonato et al. 1981, IPCS 1998). Rapidly-proliferating tissues such as bone marrow, 

intestinal epithelium, lymphoid organs, and testes are the preferred targets for this toxic 

action, probably due to effects on DNA in cells in S phase (Santodonato et al. 1981, 

A TSDR 1995b ). 

These compounds are best known for their genotoxic and carcinogenic effects, 

which are contingent on metabolic activation of the parent compound (IPCS 1998). In a 

recent review, most of the 33 PAHs described were genotoxic or probably genotoxic 

(with the notable exception of anthracene, fluorene, and naphthalene), and 17 were 

demonstrated or suspected carcinogens (IPCS 1998). In in vitro and in vivo test systems, 

P AHs have been shown to elicit effects such as gene mutations, chromosome damage, 

DNA adduct formation, unscheduled DNA synthesis, sister chromatid exchanges, and 

neoplastic cell transformation (ATSDR 1995b). Benzo[a]pyrene is the best-studied PAH, 

and its genotoxic effects are so well-characterized that BaP is used as a positive control 

in test systems (A TSDR 1995b ). Several P AHs are among the most potent carcinogens 

known, and P AHs ih general may produce tumours both at the site of exposure and 

distantly, with effects demonstrated in nearly every tissue and species tested 

(Santodonato et al. 1981, IPCS 1998). 

Other systemic responses of P AH exposure are less well characterized, though 

effects tend to be manifested at exposures where carcinogenicity is also triggered (IPCS 

1998). Polycyclic aromatic hydrocarbons are generally immunosuppressants, causing 
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decreased humoral and cellular immunity as well as decreased host resistance (Bums

Naas et al. 2001). The suppression of tumour surveillance associated with decreased cell

mediated immune competence may contribute to carcinogenicity (Bums-Naas et al. 

2001 ). Long-term animal studies have also revealed that adverse hematological effects 

and histopathological effects in the liver are possible (ATSDR 1995b ). 

In the environment, P AHs are often present as complex mixtures, and effects on 

resident biota are more difficult to characterize. Most ecotoxicological studies of P AH 

contamination have focussed on aquatic ecosystems. Increased incidence of hepatic 

neoplasms in bottomfish has frequently been associated with PAR-contaminated 

sediments-findings that have been substantiated by controlled laboratory exposures 

(Government of Canada 1994, IPCS 1998). In terrestrial systems, field studies to date 

merely suggest an association between P AH exposure and the occurrence of preliminary 

genotoxic events. For example, formation of DNA adducts is often considered a critical 

initial genotoxic event (Shugart et al. 2003), and BaP adducts were elevated in the blood 

proteins of wild woodchucks living near an aluminum smelter (Blondin and Viau 1992). 

Genotoxic events such as strand breaks and chromosome aberrations cannot be attributed 

to specific chemicals with certainty, but increased DNA damage in wild mammals has 

been associated with P AH contamination, providing indirect evidence of exposure 

(McBee and Bickham 1988, Bickham et al. 1998, Silva et al. 2000a-c). Since cytochrome 

P4501A (CYPIA) enzymes are involved in the conversion ofPAHs to DNA-reactive 

intermediates (Parkinson 2001), increased CYPIA activity in rodents also suggests 

exposure to PARs at contaminated sites (Lochmiller et al. 1999, Carlson et al. 2003). 

However, the ultimate effects of chronic exposure to P AHs in wild mammals are 

presently unknown. 

1.4 Assessing Genotoxicity In Situ 

Many environmental pollutants have the potential to interact with DNA, resulting 

in genetic damage. Substances capable of adversely modifying the genetic material of 

living organisms are described as genotoxic (Shugart 1995). Genetic ecotoxicology, the 

study of chemical- or radiation-induced changes in the genetic material of natural biota 

(Anderson et al. 1994), has emerged from a desire to use wildlife as sentinels of 

environmental quality. Genotoxicants of anthropogenic origin are widespread in the 
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environment. Some of these known mutagens and carcinogens have the potential to 

impact health at doses far below the acutely toxic level, resulting in substantial public 

concern. While there is a desire to assess the consequences of long-term, low-level 

exposure to genotoxicants, this poses a special challenge because effects on health are 

often subtle and may not be expressed until some time after exposure. To address this 

challenge, in situ biomonitoring using wild species may be useful to provide insight into 

toxic processes crucial to assessing ecological and human health risks. 

Damage to DNA may occur from normal wear and tear, from interaction with 

physical agents such as ultraviolet or ionizing radiation, or from interaction with 

chemical agents (Shugart et al. 1992). The majority of genotoxic chemicals exert their 

toxic effects only after metabolic activation to intermediates that react with DNA 

(Shugart 1994). Damage is manifested primarily by structural alterations to the DNA 

molecule such as adducts, strand breaks, and altered bases (Shugart et al. 1992). The type 

of damage observed depends not only on the chemical and physical properties of the 

genotoxicant, the route of exposure, and the individual's life stage and genetic makeup, 

but also on the cell's repair capability and the body's vigilance in eliminating the spread 

of cells with aberrant properties (Shugart 1999). 

Among biological molecules, DNA has the unique capacity for self-repair. 

Damage to DNA may be innocuous if it is repaired promptly or, in severe cases, if the 

cell undergoes apoptosis (Shugart et al. 1992). However, if the lesions persist (e.g. ifthe 

repair processes are overwhelmed) or if the lesions are improperly repaired, the damage 

may result in alterations that are fixed during replication and transmitted to daughter cells 

(Shugart et al. 1992). Altered DNA may have consequences with respect to protein 

function, oncogene activation, and clastogenesis (Shugart and Theodorakis 1996). 

Deleterious changes to somatic cell DNA that are unrepaired are believed to be a critical 

step in the development of tumours and cancer (Shugart et al. 1992). Fertility and 

reproduction may be impaired by gamete loss due to cell death, embryo mortality from 

lethal mutations, or congenital malformations (Shugart et al. 1992, Shugart and 

Theodorakis 1996), with potential repercussions at the population level (Anderson and 

Wild 1994). 

Mutations in DNA are the ultimate source of genetic variation and a key 
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requirement for maintaining life on earth. From an evolutionary perspective, mutations 

are not necessarily a deleterious event, as they provide the means to adapt to changing 

environments. However, this adaptability is not without cost. Since genetic changes are 

primarily random, the vast majority of mutations will most likely have negative, not 

positive, consequences on fitness (Bickham et al. 2000). The influence of genotoxicants 

on mutation rate and genetic diversity depends on the relative selective pressures exerted 

by xenobiotics compared to natural stressors (Hebert and Luiker 1996). Exposure to 

genotoxicants may enhance genetic diversity by increasing mutation rates, or decrease 

genetic diversity through population collapse or strong selective pressure (Hebert and 

Luiker 1996, Bickham et al. 2000). Reduced genetic variation impairs the ability of the 

population to respond and adapt to environmental changes, and may lead to an increased 

rate of extinction (Anderson et al. 1994). Since the effects of genotoxicant exposure that 

emerge at higher levels of organization are difficult to predict, molecular biomarkers are 

useful as an early warning of genotoxicity. 

The persistence of unrepaired DNA damage makes it possible to detect changes in 

the integrity of DNA that may be indicative of exposure to genotoxic agents. The 

prediction of toxic effects is enhanced by the use of a battery of biomarkers showing the 

progression from first exposure to genetic disease (Shugart et al. 1992). Chemical-DNA 

adducts and secondary reactions such as strand breaks are critical early events indicative 

of exposure to genotoxic agents (Shugart et al. 2003 ). Though strand breaks are created 

during normal DNA replication, they may also result from the interaction of chemical 

agents with DNA when the breakdown of unstable adducts leads to loss of bases, or when 

other alterations require increased rates of repair (Shugart et al. 1992). Structural changes 

are not intrinsically deleterious as they may occur in inert regions of the strand and they 

may still be repaired (Shugart 1999). However, structural damage that persists may cause 

irreversible cytogenetic effects such as chromosomal breakage and aneuploidy that are 

more closely linked to subclinical changes in cell function (Shugart et al. 1992). 

Ultimately, genotoxic effects are manifested as tumours and disease that can be observed 

pathologically (Shugart et al. 2003). In order to use these responses as biomarkers of 

genotoxicant exposure and effect, accurate measurement of background levels of such 

alterations is required (Shugart et al. 1992) as well as sensitive analytical methods to 

14 



detect a small number of changes within the entire genome (Shugart 1999). The methods 

used in this project are the comet assay, flow cytometry, and histopathology. 

1.4.1 Measuring DNA Strand Breaks with the Comet Assay 

The comet assay (or single cell gel electrophoresis assay) is used in genotoxicity 

studies to detect breaks in the sugar-phosphate backbone of DNA (Fairbairn et al. 1995, 

Tice 1995, Tice et al. 2000). Under alkaline conditions, the assay detects single strand 

breaks resulting from overt strand breakage, alkaline labile sites, and incomplete excision 

repair events (e.g. from DNA adducts; Shugart et al. 1992, Fairbairn et al. 1995). Strand 

breaks are not an adverse effect per se as they arise during normal cellular activities and 

the damage may still be repaired (Shugart et al. 1992, Cotelle and Ferard 1999). For 

example, the incidence of strand breaks in fish and oysters has been shown to decrease 

during a recovery period in a nonpolluted environment (Pandrangi et al. 1995, Nacci et 

al. 1996). Nevertheless, the production of strand breaks is well correlated with exposure 

to genotoxic agents (Fairbairn et al. 1995, Mitchelmore and Chipman 1998a, Cotelle and 

Ferard 1999) and the assay has a high sensitivity for detecting carcinogens (Anderson et 

al. 1998). 

The comet assay is based on the principle that as strand breaks increase in 

frequency, DNA is trimmed into smaller fragments, the size of which is used to infer the 

occurrence of breaks (Hebert and Luiker 1996). In the assay, strands of nuclear DNA are 

unwound and separated at high pH and then subject to electrophoresis. Negatively 

charged DNA fragments migrate towards the anode at a distance inversely proportional to 

molecular size, which upon fluorescent staining creates a "comet with tail" formation 

(Fairbairn et al. 1995, Shugart 1995). Damage to DNA is described by the size and 

intensity of the comet tail, which is thought to be a function of fragment size and the 

number of free ends of DNA that migrate and stretch in the electric field (Fairbairn et al. 

1995), or of relaxation of supercoiled loops (Collins et al. 1997). Relative to other 

genotoxicity tests, the comet assay is a rapid, simple, and economical technique that may 

be applied to virtually any nucleated eukaryotic tissue (Fairbairn et al. 1995, Tice et al. 

2000). By detecting damage at the level of a single cell, the assay provides a measure of 

intercell variability (Cotelle and Ferard 1999) and requires only small quantities of 

sample tissue (Tice et al. 2000). It has also proven to be a more sensitive technique for 
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detecting low levels of DNA damage in wild rodents than the popular micronucleus assay 

(Nascimbeni et al. 1991, Silva et al. 2000a,b, Heuser et al. 2002). While the comet assay 

is nonspecific in detecting exposure to particular genotoxicants, its flexibility makes it a 

good choice as a biomarker in screening studies and for use with complex mixtures of 

contaminants (Tice et al. 2000). 

Since Singh and colleagues (1988) developed the alkaline version of the comet 

assay, the technique has spread rapidly, and has now become widely used in 

biomonitoring. Applications of the assay in field studies using fish, worms, molluscs, 

amphibians, and mammals have been reviewed (Fairbairn et al. 1995, Mitchelmore and 

Chipman 1998a, Cotelle and Ferard 1999), and work in birds has recently been reported 

(Maness and Emslie 2001, Pastor et al. 2001a,b). However, studies of terrestrial systems 

using small mammals are still limited (Nascimbeni et al. 1991, Silva et al. 2000a-c, 

Heuser et al. 2002, Festa et al. 2003). The ability to detect genotoxicity with the comet 

assay depends in part on the tissue sampled (Nascimbeni et al. 1991, Silva et al. 2000a), 

but for nonlethal monitoring, peripheral blood leukocytes are reported to be sensitive 

indicators of chronic exposure to genotoxicants in coal (Silva et al. 2000a-c ), vehicle 

emissions (Heuser et al. 2002), and metal mine tailings (Festa et al. 2003). 

1.4.2 Measuring Variation in DNA Content with Flow Cytometry 

Flow cytometry is used in genotoxicity studies to measure variation in DNA 

content among cells that may be indicative of irreversible chromosomal damage (Shugart 

et al. 1992). Structural alterations to chromosomes are induced by clastogenic agents, 

with impacts ranging from small deletions and duplications to acentric and dicentric 

formations (Lamb et al. 1995). Variation in DNA content arises when chromosomal 

aberrations cause DNA to be improperly allocated to daughter cells during mitosis, 

generating differences in DNA content in proliferating cell populations (Bickham et al. 

1988). Dispersion of DNA content among cells is described using the coefficient of 

variation (CV) of the resting (G1) phase, with an increased CV being indicative of 

clastogenic effects (Otto and Oldiges 1980). A number of studies have confirmed the 

relationship between increases in CV and structural aberrations observed in chromosomes 

using standard karyology (McBee et al. 1987, McBee and Bickham 1988, Bickham et al. 

1992). Other patterns of toxicity that may be detected with flow cytometry include cell 

16 



cycle disruption (George et al. 1991, Lamb et al. 1995, Wickliffe et al. 2000) and 

aneuploidy (Bickham et al. 1988, McBee and Bickham 1988, George et al. 1991). 

In flow cytometry, cells stained with a DNA-binding fluorochrome are passed 

through a flow system that carries them in a single stream through an excitation beam, 

exciting the dye, and the visible light emitted can be quantified by a photometer and 

related to DNA content in the nucleus (Bickham 1990). The technique facilitates rapid 

sample processing at relatively low cost as well as the simultaneous measurement of 

multiple biomarkers (Bickham et al. 1988, Bickham 1994). Unlike standard chromosome 

assays, virtually any tissue may be sampled, not just rapidly proliferating ones, and 

thousands of cells can be evaluated at once to increase assay sensitivity (Deaven 1982, 

Bickham 1990). From an ecological perspective, flow cytometry has the advantage of 

working well on tissues sampled in a nondestructive fashion (e.g. blood), and it may be 

applied to a wide variety of organisms, including non-traditional study subjects (Bickham 

1990). 

Studies by Otto and co-workers (Otto and Oldiges 1980, Otto et al. 1981) were 

among the earliest to demonstrate the relationship between exposure to clastogens and 

changes in DNA content in c~ll populations using flow cytometry. Now well-validated in 

the laboratory, flow cytometry has been proposed as a useful technique for monitoring 

genotoxic effects in natural populations (Deaven 1982, Bickham 1990). Differences in 

CV s in response to environmental contamination have been detected in organisms such as 

turtles (Bickham et al. 1988, Lamb et al. 1995), frogs (Lowcock et al. 1997), and birds 

(George et al. 1991, Custer et al. 1994, Wickliffe and Bickham 1998). Flow cytometric 

studies of wild mammals exposed to petrochemicals are limited, but suggest that the CV 

is a sensitive biomarker of genotoxicity (McBee and Bickham 1988, Bickham et al. 

1998). The CV of spleen cell DNA was significantly higher in native rodents 

(Peromyscus leucopus and Sigmodon hispidus) living on a hazardous waste site 

compared to animals from a control site (McBee and Bickham 1988). Though CV s were 

not significantly higher in white blood cells of sea otters (Enhydra lutris) potentially 

exposed to the Exxon Valdez oil spill, the variance of the CV s was greater in exposed 

animals, and 33% of them had CVs beyond the 95% confidence limits of the reference 

population (Bickham et al. 1998). To examine genotoxic effects at the population level, 
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flow cytometric DNA analysis is a useful technique to integrate with analysis of 

population genetics (Theodorakis et al. 2001) and community structure (Theodorakis et 

al. 2000). 

1.4.3 Histopathology 

Histopathological examination of tissues can be used to identify genetic damage 

that manifests as anatomical changes at the cellular level. Using histopathology as a 

single biomarker of effect has a number of limitations, including the fact that visible 

lesions may take some time to develop and it is often difficult to link the ultimate disease 

to a specific causative agent. For example, it may not be possible to differentiate lesions 

related to chemical exposure from those related to infectious causes or other stressors 

(Shugart et al. 1992). Hepatocellular carcinoma in Richardson's ground squirrels may be 

associated with exposure to genotoxicants, or result from infection with a common 

hepadnavirus (Tennant et al. 1991). The occurrence of BaP in the brain of three stranded 

beluga whales (Delphinapterus leucas) coincided with a high incidence of tumours in one 

case (Martineau et al. 1988), but the role of contaminants in general, or of specific 

compounds in a mixture, in tumour etiology is unknown. Wildlife studies that have 

identified genotoxic or biochemical effects using molecular techniques, but saw no 

histopathological changes (Elangbam et al. 1989b, Silva et al. 2000a), suggest that 

histopathology may be a more useful biomarker where toxicity is higher. Furthermore, 

since responses such as neoplasias may develop spontaneously with age, detecting an 

increase in prevalence over background rates may require sample sizes too large to be 

practical for wildlife field studies. 

Aside from these concerns, however, histopathology can be useful to monitor the 

effects of exposure to anthropogenic chemicals when used in concert with other 

biomarkers. One of the strongest associations between toxicopathic hepatic lesions and 

exposure to xenobiotics in the environment was demonstrated in English sole (Parophrys 

vetulus) in Puget Sound, Washington (Moore and Myers 1994). Both sediment levels of 

P AHs and P AH metabolites in bile were correlated with the prevalence of bottomfish 

liver lesions, including neoplasms, foci of cellular alteration, and megalocytic hepatosis 

(e.g. Krahn et al. 1984, Malins et al. 1984, Krahn et al. 1986, Myers et al. 1987). The case 

for a cause-effect relationship was strengthened by laboratory work that showed an 
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increased incidence of hepatic lesions in sole exposed to either an extract of contaminated 

sediment or the model hepatocarcinogen BaP for one year (Schiewe et al. 1991 ). Further 

studies have demonstrated a suite of hydrocarbon-DNA adducts in livers of sole from the 

same contaminated sites were a high prevalence of hepatic neoplasms has been observed 

(V aranasi et al. 1989). Therefore, histopathology has a valuable role as part of a battery 

of genetic biomarkers in a weight-of-evidence approach to assess exposure to genotoxic 

compounds. 

1.5 Cytochrome P450 Induction in Wild Mammals 

Biotransformation has an important influence on the toxicity of environmental 

contaminants. One group of enzymes that plays a significant role in biotransformation is 

the cytochrome P450 monooxygenase system (also called mixed function oxygenase, or 

MFO). Cytochrome P450 (CYP450) enzymes are found in the highest concentrations in 

liver endoplasmic reticulum (microsomes), but are present in virtually all body tissues 

(Parkinson 2001). This enzyme superfamily participates in Phase I reactions by adding an 

oxygen atom to lipophilic substances, which renders the more polar intermediate suitable 

for Phase II conjugation and subsequent elimination from the body (Parkinson 2001 ). In 

addition to oxidizing endogenous substances such as steroid hormones, fat-soluble 

vitamins, bile acids, and fatty acids, the CYP450 system metabolizes a variety of 

xenobiotics of environmental interest, including PAHs (Parkinson 2001 ). In the presence 

of the substrate, the CYP450 system is induced, commonly responding through 

transcriptional activation of the gene (Nebert et al. 1989). Since CYP450 isozymes have 

different substrate specificities, the selective induction of CYP450 catalytic activity by 

foreign compounds is a key feature that makes it a useful biomarker of exposure 

(Stegeman and Lech 1991, McBee and Lochmiller 1996). 

While the CYP450 system is often involved in xenobiotic detoxification, it 

occasionally produces reactive intermediates with enhanced toxicity. Some isozymes, 

such as CYP1A, generate intermediates that, through covalent binding or oxidative 

damage, may initiate genotoxicity and activate oncogenes (Ioannides and Parke 1993). 

Polycyclic aromatic hydrocarbons are a well-known group of genotoxicants that require 

metabolic activation, and they specifically induce CYP1A (especially CYP1A1) enzymes 

(Ioannides and Parke 1993, Nims and Lubet 1995). Alterations in CYPIA activity may 
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thus have a profound influence on genotoxicity, which depends on the balance between 

the rates of formation and inactivation of DNA-reactive intermediates. Therefore, 

CYP 1 A induction may be a useful early warning sign of exposure to genotoxic P AHs. 

A sensitive and relatively selective method of measuring CYP 1 A induction in a 

variety of vertebrate taxa is the 0-dealkylation of alkoxyresorufins (Qualls et al. 1998). 

The 7-ethoxyresorufin 0-deethylase (EROD) assay is a catalytic marker of CYP1A1 

activity, while the 7-methoxyresorufin 0-deethylase (MROD) assay is used to measure 

CYP1A2 activity (Burke and Mayer 1974, Nerurkar et al. 1993, Burke et al. 1994). The 

fluorometric version of the EROD assay measures the appearance ofresorufin from 7-

ethoxyresorufin catalyzed by microsomal preparations. Other alkoxyresorufin 0-

deethylase substrates are used to distinguish different P450 isoforms (Burke et al. 1994). 

Cytochrome P450 induction in free-living animals has been validated in a large 

number of studies worldwide as a sensitive biochemical marker of exposure to 

environmental contamination (Payne et al. 1987, Rattner et al. 1989, Goksoyr and Forlin 

1992). In particular, resident small mammals have been successfully used in terrestrial 

field studies. Altered CYP1A activity was detected in the liver of rodents exposed to soils 

containing contaminants such as P AHs and chlorinated hydrocarbons (Elangbam et al. 

1991, Schrenk et al. 1991, Lubet et al. 1992, Bhatia et al. 1994, Dickerson et al. 1994, 

Fouchecourt and Riviere 1995, Lochmiller et al. 1999, Carlson et al. 2003). The 

advantages of using a biomarker of exposure such as CYP1A activity are that enzyme 

induction precedes cellular and tissue level damage (Elangbam et al. 1989b) and that 

induction may indicate contaminant bioavailability to the organism (Roos et al. 1996, 

Billeret et al. 2000). For example, individual PAHs do not appear to induce CYP1A 

activity to the same extent (Bois et al. 1999), and induction has been correlated with soil 

levels of 5- and 6-ring compounds rather than total PAH content (Roos et al. 1996). 

While many studies of wild mammals measure CYP1A induction in the liver, induction 

has been detected in other tissues including the lung (Fouchecourt and Riviere 1995). In 

all cases, interpretation of CYP450 induction as a potential indicator of contaminant 

exposure requires consideration of various confounding variables, such as age, gender, 

and season (Rattner et al. 1989, Elangbam et al. 1991, Lochmiller et al. 1999). 
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1.6 Introduction to the Study Species 

1.6.1 Biology of Richardson's Ground Squirrel 

Richardson's ground squirrel (Spermophilus richardsonii) is one of the most 

common and widely recognized small mammals on the Canadian prairie landscape. A 

medium-sized rodent with unlined cheek pouches (Rodentia: Sciuridae ), Richardson's 

ground squirrel has short, sandy brown fur speckled with darker hairs on its rump while 

its cheeks, belly and short legs are buff-coloured (Smith 1993 ). Its ears are small and 

round, its eyes are large and placed high on the head, and its furred brown tail has a 

submarginal black band (Smith 1993, Banfield 197 4 ). Richardson's ground squirrels feed 

primarily on the roots, leaves, and seeds of native grasses and forbs as well as crop 

plants, but will occasionally eat insects such as grasshoppers or scavenge on road kills 

(Forsyth 1985). Preferring open prairie where the vegetation is short and the ground is 

dry and easy to excavate, Richardson's ground squirrels have adapted to human-altered 

landscapes, including cultivated farmland, overgrazed pastures, and even golf courses 

(Smith 1993), with such success that the rodents have attained a pest status. Nevertheless, 

they are considered a keystone species because they are important prey for raptors, foxes, 

coyotes, and badgers, and their burrows shelter other species such as the threatened 

burrowing owl (Saskatchewan Environment and Resource Management [SERM] 2001 ). 

Richardson's ground squirrels spend the majority of their lives underground in 

their burrows. Each adult digs its own burrow system, with tunnels as long as 14 m and 

as deep as 1.8 m, leading to storage, hibernation, and nesting chambers (SERM 2001). 

The hibernation chamber is the deepest chamber, and it is plugged and sealed with soil 

overwinter for protection from predators (Forsyth 1985). Colonies are formed of female 

kin, with females staying near their birth site, whereas males tend to disperse after 

weaning to establish new territories (SERM 2001). Females generally exhibit fidelity to 

their home range from year to year (Michener 1979). Home ranges of Richardson's 

ground squirrels are estimated to be small (Banfield 1974), with adults spending 50o/o of 

their time in a core area averaging 225m2 during the summer active period (Michener 

1979). After their first two weeks aboveground, juveniles maintain a smaller core area of 

about 175m2
, which becomes increasingly differentiated from that of their mother as the 

youngsters become more independent (Michener 1981 ). 
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In the adult population, females outnumber males more than 3: I (Michener I998) 

due to the differential probability of surviving through reproduction (Michener and 

Lochlear I990). In the spring, adult males emerge from hibernation first, followed two to 

three weeks later by the adult females sometime in March (Michener I983, Michener 

I998). Intrasexual aggression among males as they locate estrous females and drive away 

competitors is a major time and energy commitment that impacts survival (Michener 

I998). Most females will be impregnated within six days of emergence from hibernation 

(Michener I998), with young born 23 days later in a single litter of six to eight pups 

(SERM 200 I). When the young appear above ground at about four to five weeks of age, 

it is only a short time before adult males enter hibernation (immerge), sometime before 

summer solstice in southern Alberta (Michener I998). Adult females immerge one to two 

weeks later (Michener I998), followed by the juvenile females in late summer (Forsyth 

I985) and juvenile males seven to nine weeks after them (Michener I998). Due to the 

demands of mating and dispersal, males usually live only one year (rarely three years) 

while I3% of females live a minimum of three years (Michener I989). Therefore, most 

adults in the population will be of yearling age. 

1.6.2 Richardson's Ground Squirrel as a Model Species 

It is increasingly apparent that chemical analysis is insufficient to assess the 

health hazards of environmental contamination, especially in cases of exposure to 

complex mixtures of compounds. As a result, substantial interest has developed in using 

indigenous animals as biological sentinels of pollution (Peakall I992, Fossi and Leonzio 

1994 ). Biomonitoring provides critical information on contaminant bioavailability and 

health outcomes in a more cost effective and defensible manner than extensive chemical 

analysis (Talmage and Walton I99I). In terrestrial habitats, small mammals have been 

successfully used to monitor genotoxicity around polluted zones such as highways 

(Heuser et al. 2002), mines (Silva et al. 2000a-c ), hazardous waste sites (Bickham et al. 

1988, Nascimbeni et al. 199I, Wickliffe et al. 2000, Theodorakis et al. 200I), and 

catastrophic spills or contaminant releases (Bickham et al. I998, Tanzarella et al. 200I, 

Festa et al. 2003). 

Burrowing mammals such as Richardson's ground squirrels are good models to 

assess the chronic effects of airborne emissions from petroleum facilities because the 
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animals integrate exposure from multiple pathways. Since some genotoxicants of concern 

are heavier than air (e.g. H2S) and/or adsorb onto soil particles (e.g. PAHs), there is the 

potential for significant dermal and oral exposure in addition to inhalation. Herbivores 

are also suitable biomonitors for contaminants that are deposited directly on vegetation 

(Talmage and Walton 1991). While Richardson's ground squirrels have not been widely 

used for ecotoxicology work to date, they are common and distributed throughout the 

study area (Banfield 197 4 ), and as wild rodents may be readily comparable to 

conventional laboratory species. 

In summary, Richardson's ground squirrels are an appropriate model species for 

the present study because: 

• They are widely distributed, particularly on agricultural landscapes, and likely 

to occur on all potential study sites; 

• They are locally abundant; 

• They have small home ranges, and therefore samples obtained from them are 

representative of local conditions; 

• They are diurnal, readily captured in live traps, and easily manipulated for 

sample collection; 

• They are amenable to destructive sampling, due to their status as agricultural 

pests; 

• They are burrowing animals, and thus may be at greater risk of exposure to 

contaminants which are heavier than air and tend to accumulate in low areas; 

and, 

• They are in intimate contact with soil, increasing their potential exposure to 

soil contaminants that might be absorbed dermally or ingested while grooming 

and feeding; 

• Much of what is known about the genetics of laboratory rats and mice is likely 

to be applicable to these wild rodents. 
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1. 7 Research Goal and Objectives 

1.7.1 Goal 

The overall goal of this research was to assess whether chronic exposure to 

airborne emissions from petroleum field facilities is damaging to the genetic make-up of 

a representative small mammal, Richardson's ground squirrel (Spermophilus 

richardsonii). Four biological endpoints were used to evaluate the progression of 

genotoxic effects. Cytochrome P450 enzyme activity was measured in the liver using the 

EROD (CYPIAI) and MROD (CYPIA2) assays to look for increased metabolism of 

P AHs and other hydrocarbons to intermediates that may react with DNA (Chapter 2). The 

comet assay was used to assess the relative degree of DNA strand breakage, an early 

indication of genotoxicity (Chapter 3). To investigate whether structural changes to DNA 

have become fixed in the cell population at the chromosome level, flow cytometry was 

used to measure the relative DNA content among cells (Chapter 3). Finally, selected 

tissues were examined to see if changes in cell function were manifested at the 

histopathological level (Chapter 4). Information on body condition and leukocyte counts 

was also collected for use as general health indicators (Chapter 4 ). The combination of all 

of these approaches was used to indicate the potential for exposure to genotoxic agents at 

the DNA level, the persistence of structural damage, and whether changes to DNA are 

severe enough to impair cell function. This study may provide insight into the potential 

for exposure to airborne contaminants to lead to genotoxicological effects in humans, 

domestic animals, and other wildlife living in proximity to oil industry facilities, and may 

assist in the identification of biomarkers that could be used for future research and 

monitoring. 

1. 7.2 Objectives 

The specific objectives were: 

1) To assess whether hepatic EROD (CYPIAI) and/or MROD (CYPIA2) 

activity in ground squirrels is related to oil and gas facility proximity or the 

volume of gas flared or vented. 

2) To assess whether primary DNA damage (strand breaks) in peripheral 

leukocytes of ground squirrels is related to oil and gas facility proximity or the 

volume of gas flared or vented. 
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3) To assess whether chromosomal damage (variation in DNA content) in 

peripheral leukocytes of ground squirrels is related to oil and gas facility 

proximity or the volume of gas flared or vented. 

4) To assess whether histopathological changes in selected tissues of ground 

squirrels are related to oil and gas facility proximity or the volume of gas 

flared or vented. 

5) To assess whether ground squirrel body condition is related to oil and gas 

facility proximity or the volume of gas flared or vented. 

6) To assess whether the number of leukocytes in ground squirrels is related to 

oil and gas facility proximity or the volume of gas flared or vented. 
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Abstract 

CHAPTER2 

HEPATIC CYTOCHROME P4501A INDUCTION IN GROUND 

SQUIRRELS EXPOSED TO AIRBORNE EMISSIONS 

FROM PETROLEUM FIELD FACILITIES 

The cytochrome P450 (CYP450) enzyme complex plays a critical role in the 

metabolism of environmental contaminants, including polycyclic aromatic hydrocarbons 

(PAHs) and other organic compounds. Metabolism ofPAHs by CYP4501A (CYP1A) 

isozymes occasionally results in intermediates with enhanced toxicity, which may 

damage DNA. Since P AHs are among the airborne contaminants released from petroleum 

field facilities, CYP 1 A activity was used to assess the toxic potential of chronic exposure 

to these emissions using a common native rodent, Richardson's ground squirrel 

(Spermophilus richardsonii), as a model. Ground squirrels were captured at 21 sites in 

Alberta and Saskatchewan representing a range of exposure to oil and gas field facilities. 

Hepatic CYPIA induction was evaluated using the 7-ethoxyresorufin 0-deethylase 

(EROD) assay to measure CYP1A1 activity, and the 7-methoxyresorufin 0-deethylase 

(MROD) assay for CYP1A2. A mixed linear model was used to assess whether the 

number of facilities and the total volumes of gases flared or vented within a defined 

radius of the trap locations were related to EROD and MROD activity. Increased EROD 

activity was associated with increased gas venting from small facilities (P < 0.0101) and 

higher numbers of oil and gas wells (P < 0.0249), while MROD activity was unrelated to 

facility exposure. Increased CYP1A1 activity may be a threat to DNA integrity in the 

liver and other organs if contaminant (P AH) bioactivation exceeds deactivation. These 

results demonstrate the importance of evaluating more than one CYP450 isozyme to 

assess exposure to toxicant mixtures, and suggest that ground squirrels may be a suitable 

model for in situ monitoring of airborne emissions from the petroleum industry. 
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2.1 Introduction 

Throughout the oil-producing region of western Canada, field facilities, including 

wells, batteries, gas processing plants and gas gathering systems, are found in close 

proximity with agriculture, parklands, and rural communities. Processes such as flaring 

(controlled burning), venting (direct release) and accidental spills and leakage result in 

the release of a wide range of hydrocarbons into the atmosphere, including various 

volatile organic compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs), as 

well as soot and ash (Strosher 2000). In the case of sour gas, hydrogen sulfide, sulfur 

dioxide, and other sulfur compounds may also be emitted (Strosher 2000). For almost 50 

years, members of the public have been concerned that poor air quality associated with 

upstream petroleum facilities has been adversely affecting human and environmental 

health (Spitzer et al. 1989). Unfortunately, the limited scope of human epidemiological 

studies (Dales et al. 1989, Schecter et al. 1989, Spitzer et al. 1989, Schecter et al. 1990) 

and recent research in cattle (Waldner et al. 2001a,b, Scott et al. 2003a-c) has left many 

questions about potential adverse health effects unanswered. 

Since several components of the airborne emissions, including P AHs (e.g. 

benzo[ a ]pyrene ), are known mutagens and carcinogens (International Programme on 

Chemical Safety [IPCS] 1998), there is concern about the potential risk of genetic 

damage associated with exposure to petroleum facilities. Parent P AHs require metabolic 

activation to a reactive form in order to become toxic or mutagenic (Okey 1990, 

Santodonato et al. 1981 ). Therefore, alterations in biotransformation may have a 

profound influence on the genotoxicity of this group of contaminants. One family of 

enzymes that plays a significant role in P AH bioactivation is the cytochrome P450 

(CYP450) monooxygenase system (also called mixed function oxygenase, or MFO), 

specifically CYP4501A (CYP1A) isozymes (Ioannides and Parke 1993, Nims and Lubet 

1995). The concentration and activity of these Phase I metabolic enzymes increase in the 

liver, lungs, and other organs in response to xenobiotic stress (Rattner et al. 1989, Okey 

1990). Since CYP1A induction precedes cellular and tissue level damage (Elangbam et 

al. 1989b ), the enzymes' activity can serve as a useful biomarker, and an early warning 

sign, of exposure to genotoxic hydrocarbons. Furthermore, CYP 1 A induction integrates 

exposure and the bioavailability of inducers such as P AHs in target organs, which 
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measurement of analyte concentrations alone may not adequately reflect due to the rapid 

metabolism ofPAHs in many vertebrates (Whyte et al. 2000). Altered hepatic CYP1A 

activity from exposure to P AHs and various chlorinated hydrocarbons has been reported 

in a variety of wild rodent species (Elangbam et al. 1991, Schrenk et al. 1991, Lubet et al. 

1992, Bhatia et al. 1994, Fouchecourt and Riviere 1995, Lochmiller et al. 1999, Carlson 

et al. 2003). 

A sensitive and relatively selective method of measuring CYP1A induction in 

mammals and other taxa is the 0-dealkylation of alkoxyresorufins (Qualls et al. 1998). 

The 7-ethoxyresorufin 0-deethylase (EROD) assay is a catalytic marker ofCYP1A1 

activity, while the 7-methoxyresorufin 0-deethylase (MROD) assay is used to measure 

CYP 1 A2 activity (Burke et al. 1994 ). The purpose of this study was to assess whether 

chronic exposure to airborne emissions from petroleum production and processing 

facilities is associated with hepatic EROD (CYP1A1) and/or MROD (CYP1A2) 

induction in an indigenous small mammal, Richardson's ground squirrel (Spermophilus 

richardsonii). These primarily herbivorous rodents (Rodentia: Sciuridae) were selected as 

a model species because they are widely distributed throughout the study area, have small 

home ranges, are amenable tq capture and sampling, and provide a good comparison with 

conventional laboratory species. Exposure to hydrocarbon contaminants was evaluated on 

the basis of proximity to emission sources, and the volume of gas flared or vented (as 

reported to government regulators). This research will help evaluate the environmental 

impact of the petroleum industry in western Canada, and assist in identifying sensitive 

biomarkers that may act as warning signs of potential toxicity, for the protection of 

human and animal health. 

2.2 Materials and Methods 

2.2.1 Sample Collection 

Between May 11th and July 4th 2002, 200 Richardson's ground squirrels 

(Spermophilus richardsonii) were captured at 21 sites in south-central Alberta and 

Saskatchewan (49° N to 53° N, 104° W to 114° W), Canada (Figure 2-1). Study sites were 

selected within the distribution of S. richardsonii based on proximity to oil and gas field 

facilities, in order to represent a range of probable exposure to airborne emissions from 

these sources. As much as possible, sites were chosen in geographically and ecologically 
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Figure 2-1. Location of study sites (N=21) relative to major cities in Alberta and 
Saskatchewan, Canada. 
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homogenous zones. 

Ground squirrels were captured in live traps (Tomahawk Live Trap Co., 

Tomahawk, WI, USA) that were baited with a mixture of peanut butter and oats and 

placed at burrow entrances. Upon retrieval, each trap location was determined with a 

Global Positioning System (GPS) receiver ( eTrex Summit, Garmin International, Olathe, 

KS, USA). Captured ground squirrels were anesthetized on-site with halothane gas (MTC 

Pharmaceuticals, Cambridge, ON, Canada), followed by intraperitoneal injection of a 

mixture of90 mg/ml ketamine (Vetrepharm Canada Inc., Belleville, ON, Canada) and 2 

mg/ml xylazine (Bayer Inc., Toronto, ON, Canada). The ketamine/xylazine combination 

was given to effect, with the average dose required to induce anesthesia being about 710 

and 16 mg/kg, respectively. Body weight was measured using a spring scale (Pesola AG, 

Baar, Switzerland), and body length was measured from the nose to the base of the tail 

with the animal lying on its back. The animals were euthanized by exsanguination while 

anesthetized. Livers were excised and a portion was frozen immediately in liquid N2 in 

1.8 ml cryovials (Nalge Nunc International, Rochester, NY, USA). Samples were 

subsequently transferred to an ultra low temperature ( -70°C) freezer pending enzyme 

activity analysis. The use of animals in this research was approved by the University of 

Saskatchewan Committee on Animal Care and Supply, and was in accordance with 

guidelines established by the Canadian Council on Animal Care. 

2.2.2 Cytochrome P4501A Activity 

Hepatic CYP1A1 and CYP1A2 activities were determined 

spectrofluorometrically with the EROD and MROD assays, respectively, using the 

protocol of Trudeau and Maisonneuve (2001), based on Kennedy and Jones (1994). The 

EROD and MROD assays evaluate enzyme activity of microsomes (small vesicles made 

from smooth endoplasmic reticulum of hepatocytes or other tissues) by measuring the 

appearance ofresorufin (a fluorescent product) from the respective substrates, 7-

ethoxyresorufin and 7-methoxyresorufin. Except where noted, all reagents and laboratory 

disposables were purchased from either VWR International (Mississauga, ON, Canada) 

or Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). 

Liver microsomes were prepared by differential centrifugation. Briefly, 0.2-0.3 g 
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ww of liver was minced with a scalpel blade and homogenized in a 2 ml Safe-Grind® 

Potter-Elvehjem tissue grinder (Wheaton Science Products, Millville, NJ, USA) 

containing 5.5 ml of0.02 M HEPES buffer (0.15 M KCl, pH 7.5) on ice. Homogenates 

were transferred to Beckman thick-walled polycarbonate ultracentrifuge tubes (VWR 

International) and centrifuged at 12,000 g for 20 minutes (4°C) in a Beckman L8-55 

ultracentifuge (Beckman Intruments Inc., Mississauga, ON, Canada). Supernatants were 

further centrifuged at 1 05,000 g for 60 minutes ( 4 °C). The pelleted microsomes were 

washed and resuspended in 600 1-11 of0.05 M Tris buffer (1 mM EDTA, 1 mM 

dithiothreitol, 20% v/v glycerol, pH 7.4). Aliquots were frozen at -70°C for subsequent 

enzyme activity measurement using the EROD and MROD assays. 

The EROD and MROD assays were performed in triplicate in clear Nunc 

Microwell 96-well polystyrene plates (VWR International). The analyst was blinded to 

the sample treatments at the time of analysis, and light-sensitive steps were conducted in 

dim light. Working solutions were prepared using a 0.05 M sodium phosphate buffer 

containing 5 mM MgCb (pH 8.0). Microsome aliquots were thawed on ice, and diluted 

1 :5 in phosphate buffer. A quality control sample from a ground squirrel collected apart 

from the study was includeq with each run to monitor day-to-day assay variation. The 

EROD reaction mixture in the wells consisted of2 1-1M 7-ethoxyresorufin, 0.5 mM 

NADPH, and a 20 1-11 aliquot of microsome preparation in phosphate buffer at a final 

volume of 140 1-11. The MROD reaction mixture contained 2 J.lM 7-methoxyresorufin in 

place of 7-ethoxyresorufin, but was otherwise identical to the EROD assay. Experimental 

blanks consisted of the reaction mixture minus NADPH. The plates were incubated at 

3 7°C for 1 0 minutes before the reaction was arrested by the addition of 60 1-1l/well of 2.16 

mM fluorescamine in acetonitrile. 

Resorufin formation was measured using an MFX Microtitre® Plate Fluorometer 

(Dynex Technologies, Chantilly, VA, USA) with an excitation wavelength of 530 nm and 

emission wavelength of 590 nm and a resorufin standard curve, and corrected for blank 

fluorescence. Resorufin standards consisted of 0, 12.5, 25, 50, 100, 200, 400, and 800 nM 

resorufin with 2 1-1M 7 -ethoxyresorufin or 7 -methoxyresorufin in phosphate buffer. 

Microsomal protein content was measured concurrently (Kennedy and Jones 1994) using 

a bovine serum albumin standard curve (0, 10.9, 21.8, 43.75, 87.5, 175, 350, and 700 
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J.tg/ml plus 0.5 mM NADPH in phosphate buffer) and excitation and emission 

wavelengths of 390 run and 460 run, respectively. Enzyme activities were expressed as 

picomoles resorufin formed per minute per milligram microsomal protein. 

2.2.3 Exposure Assessment 

Exposure was assessed by linking trap locations with petroleum industry records 

obtained from the Alberta Energy and Utilities Board and Saskatchewan Energy and 

Mines, the respective provincial regulatory agencies. Using Arc View (v.3.2, ESRI 

Business Information Solutions, Redlands, CA, USA) Geographic Information System 

(GIS) software, trap site coordinates were plotted on a map detailing the locations of 

local petroleum facilities known to the provincial regulatory agencies. The types of 

facilities considered were oil and gas wells, small facilities (oil and gas batteries), and 

large facilities (gas processing plants and gas gathering systems). 

Facility counts were determined by counting the number of wells or batteries 

within 1.6 km (1 mile) of the trap site (Waldner et al. 2001a), or the number of large 

facilities within 8.0 km (5 miles) of the trap site (to account for the higher flare stacks). 

Flaring and venting volumes (to the nearest 0.1x103 m3
, adjusted to 101.325 kPa and 

l5°C), including the location discharged, were obtained from monthly disposition reports 

submitted by operators of oil and gas production and processing facilities. For each 

ground squirrel trap location, total monthly flaring and/or venting volumes for both small 

and large facilities (located within the defined radii) were summed over time to describe 

cumulative exposure. Exposure of juvenile animals included data from April 2002 

(approximate emergence from hibernation) to the month when captured (May, June or 

July), while exposure of adults was calculated for both "lifetime" (April 2001 to the 

month captured) and "recent" (since April2002) time frames. In addition to continuous 

exposure estimates, categorical measures of exposure were derived on an 

absence/presence basis. 

2.2.4 Statistical Analysis 

Descriptive statistics for all covariables, exposure variables, and outcomes were 

compiled using SPSS® (v.12.0, SPSS Inc., Chicago, IL, USA). Biologically or 

environmentally relevant covariables considered included gender, age (adult or juvenile), 

body weight, body length, size ratio (body weight/body length, a measure of body 
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condition), ecoregion, and precipitation. Ecoregion was defined as a "subdivision of an 

ecoprovince characterized by distinctive regional ecological factors, including climate, 

physiography, vegetation, soil, water and fauna" (Marshall and Schut 1999). Precipitation 

data (percent of average precipitation in agricultural areas) over the 2002 growing season 

(April1 to August 23) were obtained from the Prairie Farm Rehabilitation 

Administration's Drought Watch program (Agriculture and Agri-Food Canada). Both 

EROD and MROD activity were log-transformed to attain normality. 

The association between exposure and enzyme activity was analyzed using a 

mixed linear model (PROC MIXED in SAS® v.8.2 for Windows, SAS Institute, Cary, 

NC, USA). Site was included as a random effect to account for potential clustering of the 

observations at individual farm locations. Model building began with a univariate 

analysis to screen exposure, biological, and environmental parameters for the strength of 

their association with enzyme activity, with only those approaching P < 0.25 considered 

for inclusion in the final model. Subsequently, predictors that survived screening were 

evaluated together using a manual stepwise backwards elimination strategy. Correlation 

among exposure variables (Spearman's p > 0.7) was considered at each step of model 

building to minimize the problem of multicollinearity, and "lifetime" and "recent" 

exposure periods were tested separately, as were continuous and categorical measures of 

exposure. Only the exposure variables remaining in the final multivariate model at P < 

0.05 are reported, with 95% confidence intervals of the regression coefficients to describe 

the relationship between the predictors and enzyme activity. Covariables acting as 

important confounders (removal of the covariate from the model changed the effect 

estimate by more than 10%) were retained in the model. Biologically reasonable first 

order interaction terms between the covariables and exposure parameters were tested for 

inclusion in the final model. Lastly, the distribution of residuals was examined using box 

plots, normal Q-Q plots, and plots of residuals against predicted values to look for 

extreme outliers and to ensure that the assumptions of normality and homoscedasticity 

had been met. 

2.3 Results 

Ground squirrels captured during their summer activity period ranged in weight 

from 80-625 g, with a mean(± SD) of 377.3 ± 82.93 g (Table 2-1), and were 
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predominantly (80.5%) adult females (Table 2-2). Most sites (20 out of21) were located 

in the prairies ecozone, including the aspen parkland and various grassland ecoregions, 

though ground squirrels were also captured where arable agricultural land extends into 

the fringes of the boreal plains ecozone (boreal transition and western Alberta upland 

ecoregions, Table 2-2). Drought conditions in previous years carried over into the 

summer of 2002, with water shortages stunting pasture growth in large regions of central 

Alberta and west central Saskatchewan. In total, 14 out of 21 sites received less 

precipitation than their historical average (Table 2-2). 

Ground squirrels varied in their exposure to airborne emissions from oil and gas 

field facilities (Tables 2-3 and 2-4). Fifty-six animals (representing 8 sites) were 

classified as unexposed to industry-related emissions on all counts, including all the 

animals from Saskatchewan. Exposure to total flared gases was greatest from the gas 

processing plants. In general, the exposure values were skewed towards the low end of 

the observed range, with only the presence of wells describing exposure of more than half 

of the subjects. Among the categorical exposure variables, the descriptive statistics for 

gas venting from small facilities and gas plant flaring were identical for their recent and 

lifetime time periods. 

Correlation among exposure variables (Tables 2-5 to 2-8) was a crucial 

consideration in model building. In general, exposure to emissions from small field 

facilities was not strongly related to exposure to large field facilities. 

In the ground squirrels, hepatic EROD (CYP1A1) activity, averaging 119.8 ± 

. 90.77 pmol/min/mg, was greater than MROD (CYP1A2) activity, which averaged 53.2 ± 

30.51 pmol/min/mg (Table 2-9). In both instances, enzyme activities in juvenile ground 

squirrels were higher than in adults. 

Summaries of the univariate comparisons between each exposure variable or 

co variable and log EROD activity are presented in Tables 2-10 and 2-11, respectively. 

Where the distribution of an exposure variable dictated, some were retested after refining 

their categorization from absence/presence to absence/low/high. However, the results 

(not shown) did not add anything to the interpretation of the data, and therefore the 

refined variables were not further considered in model building. Among the biological 

and environmental covariables, both body weight and size ratio were useful predictors, 
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though only body weight was used in model building due to its greater simplicity of 

measurement. 

Final models relating exposure to emissions from oil and gas field facilities and 

log EROD activity are presented in Tables 2-12 to 2-16. Body weight was a significant 

covariable in each model, and suggested that larger ground squirrels experienced a lesser 

degree of EROD induction. The log of EROD activity was increased with increasing 

exposure to oil and gas wells, either where well number was expressed as a continuous (p 

0.0062,95% CI 0.0034-0.0089, P < 0.0001) or a categorical variable (p 0.141, 95% CI 

0.018-0.264, P = 0.0249). For each added well, EROD activity increased by 

approximately 1.0 pmol/min/mg. Ground squirrels exposed to wells had an average (± 

SE) EROD activity of 106.4 ± 1.09 pmol/min/mg (adjusted for site and body weight), an 

increase of 138% from control levels of76.9 ± 1.12 pmol/min/mg. The log ofEROD 

induction was also increased with gas venting from small facilities (e.g. batteries). The 

relationship with gas venting was significant when either lifetime (P 0.0028, 95% CI 

0.0013-0.0042, P = 0.0002) or recent (p 0.0209,95% CI 0.0101-0.0317, P = 0.0002) 

exposure was considered, with EROD activity increasing by about 1.0 pmol/min/mg per 

thousand cubic meters of vented gas in both cases. The presence of gas venting both over 

the ground squirrels' lifetimes and recently was also associated with the log ofEROD 

induction, and since the models yielded identical results (J3 0.245, 95% CI 0.059- 0.430, 

P = 0.0101), they are reported in the same table (Table 2-16). Ground squirrels exposed 

to gas venting had an average EROD activity of 155.8 ± 1.23 pmollmin/mg (adjusted for 

site and body weight), an increase of 176% from control levels of 88.7 ± 1.07 

pmol/min/mg. No interaction terms were retained in any of the final models. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log MROD activity are presented in Tables 2-17 and 2-18, respectively. 

Where the distribution of an exposure variable dictated, some were retested after refining 

their categorization from absence/presence to absence/low/high. However, the results 

(not shown) did not add anything to the interpretation of the data, and therefore the 

refined variables were not further considered in model building. The final model 

describing predictors of log MROD activity is presented in Table 2-19. No exposure 
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variables were significant predictors of log MROD activity (P > 0.05), and only age 

among the biological and environmental covariables remained in the final model (Adult P 
-0.141, 95o/o CI 0.238-0.045, P = 0.0043). Juvenile ground squirrels had an average 

MROD activity of 62.3 ± 1.12 pmol/min/mg (adjusted for site), an increase of 13 8% from 

adult levels of 45.0 ± 1.05 pmol/min/mg. 
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Table 2-1. Descriptive summary of continuous biological co variables for ground 
squirrels captured in Alberta and Saskatchewan. 

Percentiles 
N Mean SD Median 25th 75th 

Body weight (g) 200 377.3 82.93 380 345 415 
Adults 179 394.9 60.67 385 355 420 
Juveniles 21 227.4 96.46 255 122.5 302.5 

Body length (mm) 200 241.2 19.01 245 235 250 
Adults 179 245.5 10.32 245 240 250 
Juveniles 21 204.5 32.71 220 170 232.5 

Size ratio (g/mm) 200 1.55 0.272 1.57 1.45 1.70 
Adults 179 1.60 0.200 1.59 1.47 1.71 
Juveniles 21 1.06 0.325 1.13 0.72 1.32 

Table 2-2. Descriptive summary of categorical biological or environmental covariables 
for ground squirrels captured in Alberta and Saskatchewan. 

Category N Proportion 
Gender Females 173 0.865 

Males 27 0.135 

Age Adults 179 0.895 
Juveniles 21 0.105 

Ecoregion Aspen Parkland 106 0.530 
Fescue Grassland 39 0.195 
Mixed Grassland 23 0.115 
Moist Mixed Grassland 18 0.090 
Boreal Transition 13 0.065 
Western Alberta Upland 1 0.005 

Precipitation Well Above Average (150-200%)a 10 0.050 
Above Average (115-150%) 22 0.110 
Average (85-115%) 12 0.060 
Below Average (60-85%) 132 0.660 
Well Below Average (40-60%) 24 0.120 

a Percent of average precipitation in agricultural areas over the 2002 growing season (April I to August 23) 
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Table 2-3. Descriptive summary of continuous exposure variables describing ground squirrel (N=200) proximity to oil and gas emission 
sources and volumes of flared and vented gas. Data were summed over different time periods in 2001-2002. 

Percentiles 
Mean SD Median 25tli 75tli 95tli 

Number of wells a 7.7 16.95 2 0 7.5 70.9 
Small facilitiesa 
Gas flared over lifetimeb (103 m3

) 127.4 519.07 0 0 0 587.5 
Gas flared recentlyc (103 m3

) 24.9 111.52 0 0 0 33.0 
Gas vented over lifetime ( 1 03 m 3) 9.2 35.13 0 0 0 153.9 
Gas vented recently (103 m3

) 1.3 4.65 0 0 0 20.2 
Number of batteries 0.6 1.10 0 0 1 4 
Large facilitiesd 
Gas plant flaring over lifetime (1 03 m3

) 379.0 976.47 0 0 0 3058.7 
Recent gas plant flaring ( 103 m3

) 112.4 283.69 0 0 0 828.7 
Number of gas plants 0.7 0.83 0 0 1 2 
Gas gathering system flaring over lifetime ( 1 03 m 3) 9.2 23.77 0 0 0 71.6 
Recent gas gathering system flaring (103 m3

) 0.3 1.49 0 0 0 0 
Number of gas gathering systems 1.3 1.89 0 0 2 4 
a Within a 1.6 km radius of the trap site 
b "Lifetime" for adults was from April 200 1 to the month captured, and for juveniles was from April 2002 to the month captured 
c "Recently" for both adults and juveniles was from April 2002 to the month captured 
d Within an 8.0 km radius of the trap site 
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Table 2-4. Descriptive summary of categorical exposure variables describing ground squirrel (N=200) proximity to oil and gas 
emission sources and volumes of flared and vented gas. Data are the proportion of trap sites exposed over different time 
periods in 2001-2002. 

Presence of wells a 

Small facilitiesa 
Presence of gas flaring in lifetimeb 
Presence of recentc gas flaring 
Presence of gas venting in lifetime 
Presence of recent gas venting 
Presence of batteries 
Large facilities d 

Presence of gas plant flaring in lifetime 
Presence of recent gas plant flaring 
Presence of gas plants 
Presence of gas gathering system flaring in lifetime 
Presence of recent gas gathering system flaring 
Presence of gas gathering systems 

Absence 
68 (0.34) 

154 (0.77) 
167 (0.83) 
177 (0.89) 
177 (0.89) 
143 (0.71) 

152 (0.76) 
152 (0.76) 
116 (0.58) 
174 (0.87) 
192 (0.96) 
107 (0.53) 

Presence 
132 (0.66) 

46 (0.23) 
33 (0.17) 
23(0.11) 
23 (0.11) 
57 (0.29) 

48 (0.24) 
48 (0.24) 
84 (0.42) 
26 (0.13) 
8 (0.04) 

93 (0.47) 
a Within a 1.6 km radius of the trap site 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 to the month captured 
c "Recent" for both adults and juveniles was from April 2002 to the month captured 
d Within an 8.0 km radius of the trap site 



Table 2-5. Correlation (Spearman's coefficient, p) among continuous exposure variables: lifetime flaring or venting and facility 
counts (N=200). Asterisk denotes correlation is significant at 0.05 (2-tailed). 

Small facilities Large facilities 

Number of Gas flared Gas vented Number of 
Gas plant 

Number of 
Gas gathering Number of gas 

wells over lifetime over lifetime batteries 
flaring over 

gas plants 
system flaring gathering 

lifetime over lifetime systems 

Number of well sa I.OOO 0.672* 0.545* 0.595* 0.399* 0.40I * 0.394* 0.378* 
Small facilitiesa 
Gas flared over 

lifetimeb (I 03 m3
) 0.672* I.OOO 0.613* 0.865* -0.060 -0.2I3* 0.485* 0.398* 

Gas vented over 
lifetime (I 03 m3

) 0.545* 0.6I3* 1.000 0.6IO* -0.200* -0.295* -O.I39 0.128 
Number of batteries 0.595* 0.865* 0.6IO* I.OOO -O.I34 -0.3I7* 0.364* 0.488* 

+;:.. Large facilitiesc 0 

Gas plant flaring over 
lifetime (I 03 m3

) 0.399* -0.060 -0.200* -0.134 I.OOO 0.766* 0.039 -0.068 

Number of gas plants 0.401 * -0.213* -0.295* -0.3I7* 0.766* 1.000 0.045 0.08I 
Gas gathering system 

flaring over lifetime 
(103 m3

) 0.394* 0.485* -O.I39 0.364* 0.039 0.045 1.000 0.509* 

Number of gas 
gathering systems 0.378* 0.398* 0.128 0.488* -0.068 0.081 0.509* 1.000 

a Within a 1.6 km radius ofthe trap site 
b "Lifetime" for adults was from April 200 I to the month captured, and for juveniles was from April 2002 to the month captured 
c Within an 8.0 km radius of the trap site 



Table 2-6. Correlation (Spearman's coefficient, p) among continuous exposure variables: recent flaring or venting and facility 
counts (N=200). Asterisk denotes correlation is significant at 0.05 (2-tailed). 

Small facilities Large facilities 

Number of Gas flared Gas vented Number of Recent gas Number of gas 
Recent gas Number of gas 

wells recently recently batteries plant flaring plants 
gathering gasthering 

system flaring systems 

Number of wells a 1.000 0.507* 0.545* 0.595* 0.399* 0.401 * 0.189* 0.378* 
Small facilitiesa 
Gas flared recentlyb 

(103m3) 0.507* 1.000 0.267* 0.756* 0.014 -0.182* -0.090 0.568* 
Gas vented recently 

(103 m3
) 0.545* 0.267* 1.000 0.610* -0.200* -0.295* -0.073 0.128 

Number of batteries 0.595* 0.756* 0.610* 1.000 -0.135 -0.317* -0.127 0.488* 
~ Large facilitiesc 
...... 

Recent gas plant 
flaring ( 103 m3) 0.399* 0.014 -0.200* -0.135 1.000 0.766* -0.114 -0.068 

Number of gas plants 0.401 * -0.182* -0.295* -0.317* 0.766* 1.000 0.181 * 0.081 
Recent gas gathering 

system flaring 
(103 m3) 0.189* -0.090 -0.073 -0.127 -0.114 0.181 * 1.000 0.371* 

Number of gas 
gathering systems 0.378* 0.568* 0.128 0.488* -0.068 0.081 0.371 * 1.000 

a Within a 1.6 km radius of the trap site 
b "Recently" for both adults and juveniles was from April 2002 to the month captured 
c Within an 8.0 km radius of the trap site 



Table 2-7. Correlation (Spearman's coefficient, p) among categorical exposure variables: lifetime flaring or venting and facility 
counts (N=200). Asterisk denotes correlation is significant at 0.05 (2-tailed). 

Small facilities Large facilities 

Presence of Presence of 
Presence of Presence of 

Presence of 
Presence of 

gas flaring in gas venting 
Presence of gas plant Presence of gas gathering 

gas gathering 
wells batteries flaring in gas plants system flaring 

lifetime in lifetime 
lifetime in lifetime 

systems 

Presence of we lisa 1.000 0.392* 0.259* 0.453* 0.403* 0.611 * 0.277* 0.415* 
Small facilitiesa 
Presence of fas flaring 

in lifetime 0.392* 1.000 0.660* 0.866* -0.085 -0.224* 0.425* 0.324* 
Presence of gas 

venting in lifetime 0.259* 0.660* 1.000 0.571 * -0.203* -0.307* -0.139* 0.041 
Presence of 

~ batteries 0.453* 0.866* 0.571 * 1.000 -0.147* -0.313* 0.349* 0.433* N 

Large facilitiesc 
Presence of gas plant 

flaring in lifetime 0.403* -0.085 -0.203* -0.147* 1.000 0.660* 0.061 -0.031 

Presence of gas plants 0.611 * -0.224* -0.307* -0.313* 0.660* 1.000 0.153* 0.100 
Presence of gas 

gathering system 
flaring in lifetime 0.277* 0.425* -0.139* 0.349* 0.061 0.153* 1.000 0.415* 

Presence of gas 
gathering s~stems 0.415* 0.324* 0.041 0.433* -0.031 0.100 0.415* 1.000 

a Within a 1.6 km radius ofthe trap site 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 to the month captured 
c Within an 8.0 km radius of the trap site 



Table 2-8. Correlation (Spearman's coefficient, p) among categorical exposure variables: recent flaring or venting and facility 
counts (N=200). Asterisk denotes correlation is significant at 0.05 (2-tailed). 

Small facilities Large facilities 

Presence of Presence of Presence of 
Presence of 

Presence of gas 
Presence of Presence of Presence of recent gas 

wells 
recent gas recent gas 

batteries 
recent gas 

gas plants gathering sytem 
gathering 

flaring venting plant flaring 
flaring 

systems 

Presence of well sa 1.000 0.319* 0.259* 0.453* 0.403* 0.611 * 0.147* 0.415* 
Small facilitiesa 
Presence of recentb gas 

flaring 0.319* 1.000 0.346* 0.704* 0.003 -0.160* -0.091 0.477* 
Presence of recent gas 

venting 0.259* 0.346* 1.000 0.571 * -0.203* -0.307* -0.074 0.041 
Presence of 

.+;.. 
batteries 0.453* 0.704* 0.571 * 1.000 -0.147* -0.313* -0.129 0.433* w 

Large facilitiesc 
Presence of recent gas 

plant flaring 0.403* 0.003 -0.203* -0.147* 1.000 0.660* -0.115 -0.031 

Presence of gas plants 0.611 * -0.160* -0.307* -0.313* 0.660* 1.000 0.240* 0.100 
Presence of recent gas 

gathering system 
flaring 0.147* -0.091 -0.074 -0.129 -0.115 0.240* 1.000 0.219* 

Presence of gas 
~athering systems 0.415* 0.477* 0.041 0.433* -0.031 0.100 0.219* 1.000 

a Within a 1.6 km radius of the trap site 
b "Recently" for both adults and juveniles was from April 2002 to the month captured 
c Within an 8.0 km radius of the trap site 



Table 2-9. Descriptive summary of 7-ethoxyresorufin 0-deethylase (EROD) activity 
and 7-methoxyresorufin 0-deethylase (MROD) activity according to age of 
ground squirrels captured in Alberta and Saskatchewan. 

Percentiles 
N Mean SD Median 25tli 75th 

EROD activity 
(pmol/min/mg) 

Total 200 119.8 90.77 93.0 57.5 148.7 
Adults 179 117.5 91.12 90.3 56.4 146.0 
Juveniles 21 139.1 87.46 118.6 74.7 170.7 

MROD activity 
(pmol/min/mg) 

Total 200 53.2 30.51 44.3 34.3 66.4 
Adults 179 51.3 29.77 42.2 33.8 60.2 
Juveniles 21 69.4 32.66 69.4 43.7 93.8 
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Table 2-10. Summary of univariate comparisons between each exposure variable and log 
EROD (CYPlAl) activity in ground squirrel liver (N=200). EROD activity 
was expressed as pmol/min/mg microsomal protein. a 

95%, Confidence 
interval for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number of wells6 0.0057 0.0033 0.0081 <0.0001 
Small facilitiesb 
Gas flared over lifetimec (I 03 m3) 4E-5 -0.0001 0.0002 0.4271 
Gas flared recentlyd ( 103 m3) 0.0001 -0.0004 0.0006 0.6118 
Gas vented over lifetime ( 1 03 m3) 0.0026 0.0013 0.0038 <0.0001 
Gas vented recently (103 m3) 0.0197 0.0105 0.0289 <0.0001 
Number of batteries 0.0334 -0.0205 0.0872 0.2227 
Large facilitiese 
Gas plant flaring over lifetime (1 03 m3) -4E-5 -0.0001 2E-5 0.2141 
Recent gas plant flaring ( 103 m3) 4E-6 -0.0002 0.0002 0.9733 
Number of gas plants 0.0294 -0.0454 0.1042 0.4387 
Gas gathering system flaring over lifetime 

(103m3) 0.0002 -0.0021 0.0025 0.8535 
Recent gas gathering system flaring 

(1 03 m3) 0.0246 -0.0119 0.0612 0.1854 
Number of gas gathering systems 0.0162 -0.0142 0.0466 0.2948 
Categorical variables 
Presence of wells 0.1087 -0.0059 0.2233 0.0628 
Small facilities 
Presence of gas flaring in lifetime 0.1222 -0.0096 0.2539 0.0689 
Presence of recent gas flaring 0.0225 -0.1447 0.1898 0.7907 
Presence of gas venting in lifetime 0.2425 0.0848 0.4002 0.0028 
Presence of recent gas venting 0.2425 0.0848 0.4002 0.0028 
Presence of batteries 0.1003 -0.0249 0.2254 0.1155 
Large facilities 
Presence of gas plant flaring in lifetime -0.0011 -0.1490 0.1469 0.9888 
Presence of recent gas plant flaring -0.0011 -0.1490 0.1469 0.9888 
Presence of gas plants 0.0412 -0.0822 0.1646 0.5113 
Presence of gas gathering system flaring 

in lifetime 0.0176 -0.1446 0.1799 0.8305 
Presence of recent gas gathering system 

flaring 0.1872 -0.0907 0.4651 0.1854 
Presence of gas sathering systems -0.0316 -0.1515 0.0883 0.6037 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 2-11. Summary of univariate comparisons between each biological or 
environmental covariable and log EROD (CYPIA1) activity in ground 
squirrel liver (N=200). EROD activity was expressed as pmol/min/mg 
microsomal protein. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~) 

Body weight (g) -0.0007 -0.0012 -0.0003 0.0029 
Body length (mm) -0.0027 -0.0048 -0.0006 0.0111 
Size ratio (g/mm) -0.2024 -0.3495 -0.0554 0.0072 
Age- Adults -0.1492 -0.2740 -0.0244 0.0194 
Age - Juveniles Reference 
Gender- Females -0.0613 -0.1764 0.0538 0.2948 
Gender - Males Reference 
Precipitationb 
-Well Above Average -0.0135 -0.2950 0.2680 0.9246 
- Above Average -0.0965 -0.3284 0.1354 0.4126 
-Average 0.0663 -0.2361 0.3686 0.6660 
- Below Average 0.0935 -0.0959 0.2828 0.3314 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.1097 -0.4512 0.6705 0.7001 
-Boreal Transition -0.0036 -0.6153 0.6082 0.9909 
- Fescue Grassland 0.1088 -0.4391 0.6567 0.6956 
- Mixed Grassland -0.0397 -0.6155 0.5361 0.8919 
- Moist Mixed Grassland 0.0704 -0.5147 0.6554 0.8127 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April I to August 23) 
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Table 2-12. Final model describing the association between the number of wells plus 
ground squirrel body weight and log EROD (CYP1A1) activity in the liver 
(N=200). EROD activity was expressed as pmol/min/mg microsomal 
protein. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper 
coefficient (~} 

Intercept 2.19 2.00 2.38 
Exposure 
Number of wellsb 0.0062 0.0034 0.0089 
Covariable 
Body weight (g) -0.0007 -0.0011 -0.0002 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

< 0.0001 

< 0.0001 

0.0042 

Table 2-13. Final model describing the association between the presence of wells plus 
ground squirrel body weight and log EROD (CYP1A1) activity in the liver 
(N=200). EROD activity was expressed as pmol/min/mg microsomal 
protein. a 

95o/o Confidence interval 
for~ 

Regression Lower Upper 
coefficient (~) 

Intercept 2.18 1.98 2.39 
Exposure 
Presence of wellsb 0.141 0.018 0.264 
Covariable 
Body weight (g) -0.0008 -0.0013 -0.0003 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
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< 0.0001 
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Table 2-14. Final model describing the association between the volume of gas vented 
over the ground squirrel's life plus body weight and log EROD (CYP1A1) 
activity in the liver (N=200). EROD activity was expressed as pmol/min/mg 
microsomal protein. a 

Intercept 
Exposure 
Gas vented over 

lifetimeb,c (1 03 m3) 

Covariable 
Body weight (g) 

Regression 
coefficient (~) 

2.21 

0.0028 

-0.0069 

95°/o Confidence interval 
for~ 

Lower Upper 

2.02 2.40 

0.0013 0.0042 

-0.0012 -0.0002 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

< 0.0001 

0.0002 

0.0039 

c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 

Table 2-15. Final model describing the association between the volume of gas vented 
recently plus ground squirrel body weight and log EROD (CYP1A1) 
activity in the liver (N=200). EROD activity was expressed as pmol/min/mg 
microsomal protein. a 

Intercept 
Exposure 
Gas vented recentlyb,c 

(103 m3
) 

Covariable 
Body weight (g) 

Regression 
coefficient (~) 

2.20 

0.0209 

-0.0007 

95o/o Confidence interval 
for~ 

Lower Upper 

2.01 2.39 

0.0101 0.0317 

-0.0011 -0.0002 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Recently" for both adults and juveniles was from April 2002 to the month captured 
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< 0.0001 

0.0002 
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Table 2-16. Final model describing the association between the presence of gas venting 
(recenta and lifetimeb) plus ground squirrel body weight and log EROD 
(CYP1A1) activity in the liver (N=200). EROD activity was expressed as 
pmol/min/mg microsomal protein. c 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~) 

Intercept 2.20 2.00 2.40 < 0.0001 
Exposure 
Presence of gas ventingd 0.245 0.059 0.430 0.0101 
Covariable 
Body weight (g) -0.0007 -0.0012 -0.0002 0.0054 
a "Recent" for both adults and juveniles was from April 2002 to the month captured 
b "Lifetime" for adults was from April 200 1 to the month captured, and for juveniles was from April 2002 

to the month captured 
c Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
d Within a 1.6 km radius of the trap site 
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Figure 2-2. The simple association between log EROD (CYP1A1) activity in ground 
squirrel liver and the number of oil and gas wells within 1.6 km of the trap 
location, unadjusted for body weight and site. EROD activity was expressed 
as pmol/min/mg microsomal protein. The center line reflects the median, the 
box the interquartile range, and the whiskers extend from the highest to 
lowest values excluding outliers. The circles are outliers between 1.5 and 3 
box lengths from the upper or lower edge of the box. 
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Figure 2-3. The simple association between log EROD (CYPlAl) activity in ground 
squirrel liver and the occurrence of gas venting from small petroleum 
facilities within 1.6 km of the trap location, unadjusted for body weight and 
site. EROD activity was expressed as pmol/min/mg microsomal protein. The 
center line reflects the median, the box the interquartile range, and the 
whiskers extend from the highest to lowest values excluding outliers. The 
circles are outliers between 1.5 and 3 box lengths from the upper or lower 
edge of the box. 
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Table 2-17. Summary of univariate comparisons between each exposure variable and log 
MROD (CYPIA2) activity in ground squirrel liver (N=200). MROD 
activity was expressed as pmol/min/mg microsomal protein. a 

95°/o Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number ofwells6 0.0003 -0.0023 0.0029 0.8105 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 2E-5 -0.0001 0.0001 0.5515 
Gas flared recentlyd ( 103 m3

) 0.0001 -0.0003 0.0004 0.6522 
Gas vented over lifetime ( 103 m3

) -0.0001 -0.0013 0.0012 0.9378 
Gas vented recently ( 1 03 m3

) -0.0002 -0.0096 0.0093 0.9714 
Number of batteries 0.0112 -0.0283 0.0507 0.5760 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) 4E-6 -0.0001 4E-5 0.8657 
Recent gas plant flaring ( 103 m3

) 0.0001 -0.0001 0.0002 0.3229 
Number of gas plants 0.0433 -0.0052 0.0917 0.0796 
Gas gathering system flaring over 

lifetime (I 03 m3
) -0.0005 -0.0022 0.0012 0.5812 

Recent gas gathering system flaring 
(103 m3

) -0.0053 -0.0324 0.0218 0.6983 
Number of gas gathering systems -0.0053 -0.0271 0.0164 0.6298 
Categorical variables 
Presence of wells 0.0622 -0.0200 0.1444 0.1373 
Small facilities 
Presence of gas flaring in lifetime 0.0356 -0.0644 0.1375 0.4921 
Presence of recent gas flaring 0.0271 -0.0909 0.1450 0.6512 
Presence of gas venting in lifetime 0.0108 -0.1281 0.1497 0.8784 
Presence of recent gas venting 0.0108 -0.1281 0.1497 0.8784 
Presence of batteries 0.0232 -0.0718 0.1182 0.6300 
Large facilities 
Presence of gas plant flaring in lifetime 0.0669 -0.0330 0.1668 0.1879 
Presence of recent gas plant flaring 0.0669 -0.0330 0.1668 0.1879 
Presence of gas plants 0.0828 0.0036 0.1620 0.0406 
Presence of gas gathering system flaring 

in lifetime -0.0329 -0.1518 0.0860 0.5855 
Presence of recent gas gathering system 

flaring -0.0405 -0.2462 0.1653 0.6983 
Presence of sas gatherins systems -0.0471 -0.1303 0.0361 0.2658 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 2-18. Summary of univariate comparisons between each biological or 
environmental covariable and log MROD (CYP1A2) activity in ground 
squirrel liver (N=200). MROD activity was expressed as pmol/min/mg 
microsomal protein. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~} 

Body weight (g) -0.0003 -0.0007 0.0001 0.1128 
Body length (mm) -0.0009 -0.0026 0.0007 0.2597 
Size ratio (g/mm) -0.0826 -0.1974 0.0321 0.1570 
Age- Adults -0.1413 -0.2375 -0.0450 0.0043 
Age- Juveniles Reference 
Gender- Females -0.0839 -0.1724 0.0046 0.0630 
Gender - Males Reference 
Precipitationb 
- Well Above Average 0.0875 -0.1262 0.3012 0.4200 
- Above Average 0.0576 -0.1178 0.2331 0.5177 
-Average 0.1153 -0.1125 0.3431 0.3191 
- Below Average 0.0946 -0.0480 0.2373 0.1922 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland -0.3280 -0.7546 0.0986 0.1309 
- Boreal Transition -0.2839 -0.7352 0.1673 0.2160 
- Fescue Grassland -0.1893 -0.6138 0.2352 0.3800 
- Mixed Grassland -0.2811 -0.7166 0.1545 0.2045 
- Moist Mixed Grassland -0.2403 -0.6807 0.2000 0.2830 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 

Table 2-19. Final model describing the association between ground squirrel age and log 
MROD (CYP1A2) activity in the liver (N=200). MROD activity was 
expressed as pmol/min/mg microsomal protein. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Intercept 1.79 1.69 1.90 < 0.0001 
Covariable 
Age- Adults -0.141 -0.238 -0.045 0.0043 
Age- Juveniles Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Figure 2-4. The simple association between log MROD activity in ground squirrel liver 
and age, unadjusted for site. MROD activity was expressed as pmol/min/mg 
microsomal protein. The center line reflects the median, the box the 
interquartile range, and the whiskers extend from the highest to lowest 
values excluding outliers. The circles are outliers between 1.5 and 3 box 
lengths from the upper or lower edge of the box. 
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2.4 Discussion 

Hepatic EROD (CYPlAl) activity was elevated in ground squirrels exposed to oil 

and gas wells and to vented gases from small facilities. The degree of EROD induction 

(138% with exposure to wells and 176% with gas venting) was comparable to values 

reported in some studies of wild rodents exposed to contaminated sites (Lochmiller et al. 

1999, Carlson et al. 2003). Hepatic MROD (CYP1A2) activity, in contrast, was not 

associated with exposure to petroleum facilities. The association of EROD activity with 

the number of oil and gas wells was highly significant, and suggests that well number 

may be one of the better estimates of the amount of industry activity in the local area, 

from the perspective of impact assessment. Wellhead operations may use flaring to 

dispose of unmarketable gases, and there may be fugitive emissions associated with 

heaters and dehydration facilities. Well number may reflect either the levels of air and 

soil contamination from anthropogenic sources and/or the petrogenic P AHs (rather than 

those of pyrogenic origin from combustion sources) naturally present in the local soil. 

The association ofEROD activity with gas venting from small facilities (e.g. 

batteries) was more surprising, as venting (the direct release of raw gas) probably results 

in higher levels ofVOCs, relative to PAHs, than flaring (combustion). At oil and gas 

batteries, where the product from wells is received and temporarily stored, unmarketable 

gas may be vented from compressor vents, instrument gas systems, pneumatic devices, 

dehydrators, storage tanks, and other pipes. The degree of hepatic EROD induction 

observed is a reflection of both the potency of the inducer and the amount available to the 

enzymes (bioavailability). While some VOCs have been shown to be substrates for 

CYP1A1, including xylenes (Toftgard and Nilsen 1982), ethylbenzene (Toftgard and 

Nilsen 1982, IPCS 1996), and n-hexane (Oguri et al. 1994), PAHs are considered to have 

greater potency (Nims and Lubet 1995, Whyte et al. 2000), particularly higher molecular 

weight compounds possessing more than four or five rings (Roos et al., 1996, Bois et al. 

1999). Higher molecular weight P AHs also tend to be more environmentally persistent 

and lipid-soluble (IPCS 1998), and therefore more available for uptake by ground 

squirrels, compared to smaller PAHs and VOCs. Thus, while CYP1A1 induction suggests 

that the ground squirrels are potentially exposed to certain families of hydrocarbons, it is 

not possible to identify the inducers with certainty without further information. 
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The lack of association of EROD activity with flaring, a more likely source of 

P AHs, may be due to the nature of flare reporting. Flare systems may be installed at well 

testing locations, natural gas or oil batteries, gas processing plants, and other gas 

gathering systems, but the precise location of the flare stack may not be accurately known 

to the regulatory body (i.e. flaring is reported from a nearby equipment station). Flaring 

from experimental wells may be considered confidential (Johnson et al. 2001), and 

flaring associated with maintaining a continuous pilot light is not recorded. Total monthly 

volumes of reported flaring and venting are also somewhat crude estimates of recent 

exposure to emissions, as such activities may occur only intermittently and/or vary 

widely over the course of a month (Johnson et al. 2001 ), and contaminant dispersion is 

influenced by the strength and direction of the prevailing winds. In addition, ground 

squirrel exposure to other sources of hydrocarbons, from vehicle traffic, agricultural 

burning, and other industrial sources, may have influenced CYP1A1 activity. Some study 

sites were close to the major Calgary-Edmonton highway, while others may have been 

impacted by forest fires in northern Alberta during the summer of 2002. Furthermore, 

other CYP1A1 inducers, such as planar halogenated hydrocarbons (Whyte et al. 2000), 

may have been present. Since relatively few sites in the present study were classified as 

highly exposed, stronger associations with petroleum facility exposure may have been 

found by increasing the sampling of ground squirrels exposed to very high levels of 

emissions in order to establish a broader and more balanced range of exposure. 

Since CYP450 induction from exposure to xenobiotics is considered a short-lived 

response, the association ofEROD with recent and lifetime exposure to gas venting (as 

well as with well number, a parameter that is relatively consistent over time) suggests 

that ground squirrel exposure to CYP 1 A 1 inducers is occurring on an ongoing basis, but 

with recent exposure driving the response. The duration of induction depends on the 

resistance of the toxicants to metabolism and elimination, as well as on the rate of 

formation and degradation of both the CYP450 enzyme mRNA and proteins (Whyte et al. 

2000). In fish chronically exposed to low levels of inducers, studies suggest that CYP1A 

activity will be maintained at a high level, and sampling time is not a major confounding 

factor (Whyte et al. 2000). However, once exposure to the inducer is terminated, activity 

levels in many species return to baseline within days to a week (Guengerich and Liebler 
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1985, Peakall et al. 1989, Gagnon and Holdway 2000). For example, Carlson and co

workers (2003) detected a significant reduction in EROD and MROD activity when 

tissue sampling was delayed 48 hours after trapping cotton rats on contaminated sites. In 

addition, Moorthy and colleagues (1994) found that EROD induction in rat liver 

decreases after termination of intraperitoneal exposure to different P AHs, but not 

uniformly among individual compounds. Therefore, since gas venting results in the 

release of raw gas where VOC levels would be much higher than PAH levels, the short 

half-lives of the potential inducers suggest that ground squirrel exposure must have 

occurred recently in order to detect elevated CYP1A1 activity. 

In the ground squirrel liver, constitutive MROD (CYP1A2) activity was lower 

than EROD activity, and only the latter was significantly associated with exposure to 

petroleum field facilities. Carlson and co-workers (2003) also found that MROD activity 

was lower than EROD in cotton rats at reference sites as well as those exposed to 

petroleum hydrocarbons. However, in Wistar rats, constitutive CYP 1 A2 protein content 

was reported to be 18-fold greater than CYP1A1 (Sesardic et al. 1990). These conflicting 

results highlight the value of measuring the activity of more than one CYP450 isozyme. 

When assessing exposure to complex mixtures of contaminants, the most potent inducer 

(and the isozyme it induces) may not be known, and the magnitude of response can vary 

among species and among tissues in a given individual. There is also some degree of 

overlap in CYP450 isozyme substrate specificities, such that the use of marker substrates, 

including 7 -ethoxyresorufin for CYP 1 A 1 and 7 -methoxyresorufin for CYP 1 A2, reflects 

their relative, not absolute, substrate specificities (Burke et al. 1994). While PAHs and 

some VOCs (e.g. ethyl benzene, ICPS 1996; xylenes, Foy et al. 1996) may be substrates 

for CYP1A2, the isozyme is better known for metabolizing heterocyclic amines (Oguri et 

al. 1994 ). Therefore, it is prudent to examine more than one CYP450 isozyme to ensure 

that contaminant-related changes in metabolism are detected. 

Season, reproductive status, age, and gender are among the factors known to 

influence CYP450 activity in wild species (Rattner et al. 1989, Whyte et al. 2000). 

Seasonal effects, related to changes in diet, reproductive activity, and other biological 

rhythms, were not a factor in the present study as all subjects in a given demographic 

were of approximately the same reproductive status and were captured during the 
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summer activity season. Other biological covariables were accounted for in model 

building, and in the end only body weight and age were significant predictors for EROD 

and MROD activity, respectively. In ground squirrels, body weight is expected to be 

related to age, among other factors, with adult animals being larger than juveniles. 

Induction of CYP 1 A may be impaired in older animals if chronic exposure to xenobiotics 

causes liver damage and pathological changes that interfere with liver function (Whyte et 

al. 2000). This potential confounder suggests the need to assess other measures of hepatic 

function in concert with CYP1A activity. At the other end of the scale, younger ground 

squirrels may have higher baseline CYP1A activity by virtue of having relatively higher 

metabolic rates associated with smaller body sizes. Higher metabolic rates combined with 

the particularly high energy needs of growing animals may lead to greater contaminant 

exposure (through respiration and feeding), and thus higher CYP1A activity. In addition, 

juveniles may be indirectly exposed to inducers through their dam during gestation and 

lactation (lba et al. 2000). Increased metabolic demands associated with exposure to 

xenobiotics may have detrimental effects on the energy budget of young ground squirrels, 

especially at a time when they need to accumulate fat stores for hibernation. 

To this author's kno~ledge, age-related differences in CYP1A induction in wild 

rodents captured in contaminated environments have not previously been reported, 

despite the recognition of age as an important factor in field studies (Rattner et al. 1989). 

In contrast, only gender differences were distinguished in studies of hepatic CYP1A1 

(Lubet et al. 1992, Bhatia et al. 1994, Fouchecourt and Riviere 1995, Carlson et al. 2003) 

and CYP1A2 (Carlson et al. 2003) induction. Granted, young-of-the-year may be more 

difficult to identify in some species, particularly those that breed asynchronously and/or 

repeatedly throughout the year. Since only about 10% of ground squirrels captured in this 

study were juveniles, the relative importance of age in CYP1A induction warrants further 

investigation in light of the juveniles' apparent sensitivity to contaminant exposure (re: 

CYP1A1) and/or higher baseline activities (re: CYP1A2). 

While CYP 1 A induction is established as a biomarker of exposure, the 

consequences of alterations in enzyme activity are also of interest because of the probable 

linkage between metabolic activation of P AHs and genotoxicity (Ionnides and Parke 

1993 ). Electrophilic intermediates formed by Phase I biotransformation may enhance 
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oxidative DNA damage and/or DNA adduct formation unless they are deactivated and 

eliminated from the body by Phase II conjugation reactions (Stegeman and Lech 1991 ). 

In addition, reactive oxygen species, other contributors to oxidative DNA damage, may 

be generated during CYP450-mediated reactions (Treinen-Moslen 2001). As a result, 

CYP 1 A induction may enhance the initial steps of carcinogenesis through oncogene 

activation and genotoxic initiation (Stegeman and Lech 1991, Ionnides and Parke 1993). 

In mammals, CYP 1 A activates more than 90% of known carcinogens (Ionnides and 

Parke 1993). Increases in CYP1A activity in a variety of species has been positively 

associated with genotoxic damage, including DNA adduct formation (Moorthy et al. 

1994, Kantoniemi et al. 1996, Watson and DiGiulio 1997, Bentsen-Farmen 1999, 

Fouchecourt et al. 1999), DNA strand breaks (DiGiulio et al. 1993), clastogenicity 

(Custer et al. 2000), and histopathological lesions (Schrank et al. 1997). 

Whether elevated CYP1A1 (EROD) activity in ground squirrels has detrimental 

effects on cellular DNA depends partly on the specific circumstances such as the target 

organ, nature of the inducer and/or substrate, and the timing and route of exposure (Okey 

1990). On one hand, CYP 1 A 1 induction by P AHs can result in the conversion of those 

xenobiotics to reactive intermediates that may interact with and damage DNA, but 

deactivation of xenobiotics may also be accelerated, conferring a protective effect. Since 

CYP450 isozymes may have overlapping substrate specificities, inducers can stimulate 

the metabolism of other classes ofxenobiotics as well as their own (Okey 1990), with the 

result that isozyme induction can protect the individual from one class of chemicals but 

increase vulnerability to another. Some foreign compounds, including certain P AHs, also 

induce Phase II (conjugating) enzymes, but to a lesser extent than CYP450, such that the 

production and removal of toxic metabolites risks becoming imbalanced (Okey 1990). In 

general, increased hepatic CYP 1 A 1 activity coupled with high levels of detoxifying (e.g. 

conjugating) enzymes will be beneficial in cases of oral exposure to P AHs. In these 

situations, first-pass (hepatic) clearance of the procarcinogen from circulation prevents 

toxic metabolites from accessing peripheral tissues (Okey 1990). In contrast, where high 

CYP 1 A 1 levels are not accompanied by increases in detoxifying enzymes, and 

particularly where P AH absorption occurs at the susceptible target organ (e.g. lung or 

skin), then CYP1A1 induction is detrimental (Okey 1990). In future work, it would be 
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more informative to measure the activity of enzymes involved in detoxifying P AHs, such 

as Phase II conjugating enzymes or CYP2B1 enzymes, in addition to CYP1A1 activity. 

While the CYP 1 A 1 enzyme system is responsible for the activation of some P AHs to 

reactive intermediates, CYP2B 1 is considered a direct detoxification route for P AH 

metabolism (Ionnides and Parke 1987). Some authors have used the ratio of CYP2B 1 to 

CYP1A1 activity as an indirect method of assessing the balance between the competing 

processes of PAH activation and detoxification (Foy et al. 1996, Park and Schatz 1999). 

Ultimately, the consequences of increased DNA reactivity will be influenced by rates of 

DNA repair and cell turnover. Nevertheless, associations between increased CYP1A1 

activity and genotoxicity suggest that the processes may be mechanistically linked, which 

is a cause for concern for the health of exposed wildlife and rural families. 

2.5 Conclusions 

The processes in the body that metabolize xenobiotics may have an important 

influence on toxicity. Hepatic EROD (CYP1A1) activity was elevated in ground squirrels 

exposed to oil and gas wells and to vented gases from small petroleum facilities, 

suggesting exposure to hydrocarbon contaminants such as P AHs and VOCs. Because of 

the probable linkage between PAH biotransformation and genotoxicity, increased 

CYP1A1 activity may be a threat to DNA integrity in the liver and other organs if 

contaminant bioactivation exceeds deactivation. Hepatic MROD (CYP1A2) activity, 

however, was not associated with exposure to petroleum field facilities. The difference in 

the CYP 1 A isozyme responses highlights the value of measuring catalytic activity in 

more than one CYP450 isozyme to assess exposure to toxicant mixtures, particularly in 

wildlife where responses are less well characterized. While CYP 1 A 1 induction does not 

identify the specific contaminants of concern, it is useful for screening purposes to focus 

further testing. On the northern prairies, Richardson's ground squirrels are a logical 

model for assessing human health risks not only because they are common on human

altered landscapes, but because their dietary and fossorial habits integrate exposure from 

multiple pathways. Bioavailability of soil contaminants, as modulated by soil conditions 

(Billeret et al. 2000), is particularly relevant to address health risks to children, who are 

more likely to ingest or inhale soil particles while playing outside (Roos et al. 1996). 

Responses of indigenous rodents to CYP450 inducers are generally similar to those of 
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laboratory species (Simmons and McKee 1992, Qualls et al. 1998), but the use of wild 

species is more ecologically relevant in terms of genetic diversity. The response of 

hepatic CYP 1 A 1 enzymes in ground squirrels living near oil and gas field facilities 

suggests that these indigenous rodents are a promising model for in situ monitoring of 

airborne hydrocarbon contaminants in western Canada. 
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Abstract 

CHAPTER3 

GENOTOXIC EFFECTS IN LEUKOCYTES OF GROUND 

SQUIRRELS EXPOSED TO AIRBORNE EMISSIONS 

FROM PETROLEUM FIELD FACILITIES 

Many pollutants have the potential to interact with cellular DNA, resulting in genetic 

damage. Genotoxic polycyclic aromatic hydrocarbons (P AHs) are among the 

contaminants released in airborne emissions from petroleum field facilities across 

western Canada. This study was intended to assess whether chronic exposure to these 

emissions is associated with DNA damage in a common native rodent, Richardson's 

ground squirrel (Spermophilus richardsonii). Genetic damage was evaluated using the 

comet assay and flow cytometric DNA analysis on peripheral white blood cells collected 

from live-trapped ground squirrels at 21 sites in Alberta and Saskatchewan ranging in 

proximity to oil and gas field facilities. A mixed linear model was used to assess whether 

the number of facilities and the total volumes of gases flared or vented within a defined 

radius of the trap locations were related to genetic damage. Increased comet tail ratios 

(DNA strand breaks) were associated with increased reported flaring from gas processing 

plants (P < 0.0124). In contrast, chromosomal damage, as measured by flow cytometry, 

was unrelated to facility exposure. These results suggest that increased primary DNA 

damage may be a threat to genetic integrity if the damage is not repaired, and that ground 

squirrels may be a suitable model for in situ monitoring of the genotoxic effects of 

airborne emissions from the petroleum industry. 

3.1 Introduction 

The petroleum industry is a major political and economic force in western 

Canada, with an enormous environmental footprint rivaled only by the agriculture sector. 

The odour and smoke often associated with field facilities, including wells, batteries, gas 

processing plants and gas gathering systems, has provoked substantial concern about 
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possible adverse air quality-related health effects (Nikiforuk 2001 ). Contaminants 

released through flaring (controlled burning), venting (direct release) and accidental spills 

and leakage encompass a wide range of hydrocarbons, including various volatile organic 

compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs), as well as soot and 

ash (Strosher 2000). Hydrogen sulfide, sulfur dioxide, and other sulfur compounds may 

also be produced in association with sour gas (Strosher 2000). Anecdotal reports 

implicating air emissions as the cause of increased congenital defects, miscarriage, and 

cancer in farm families have prompted several epidemiological studies, which have failed 

to alleviate public concern (Dales et al. 1989, Schecter et al. 1989, Spitzer et al. 1989, 

Schecter et al. 1990). More recent studies in cattle (Waldner et al. 2001a,b, Scott et al. 

2003a-c) have suggested an association between facility exposure and increased risk of 

stillbirth and time to first-calving, but the limited scope of these investigations has left 

many questions about potential toxic effects unanswered. One important data gap 

concerns the risk of genetic damage. Since several components of the airborne emissions 

are known mutagens and carcinogens, including benzene and various PAHs (e.g. 

benzo[ a ]pyrene ), it is important to address the potential for genetic damage in individuals 

chronically exposed to petroleum industry emissions. 

Interest in genotoxic effects of exposure to environmental contamination is 

rapidly growing as part of a desire to better understand subtle and sublethal mechanisms 

of toxicity in humans and wildlife. Xenobiotics may cause mutations and structural 

defects in DNA, which, if not repaired, may lead to cellular dysfunction or malignancy in 

somatic cells (Shugart 1999). Damage to DNA in germ cells may impair fertility and 

reproduction by gamete loss due to cell death, embryo mortality, or heritable mutations, 

with potential repercussions at the population level (Anderson and Wild 1994). Two 

rapid, sensitive, and economical techniques to assess genotoxicity in virtually any 

eukaryotic tissue are the comet assay and flo)¥ cytometric DNA analysis. 

The comet (or single cell gel electrophoresis) assay detects single strand breaks in 

DNA resulting from direct nicking of the sugar-phosphate backbone (e.g. by reactive 

oxygen species), incomplete excision repair events, or conversion of certain base 

modifications (e.g. adducts, also indicative of contaminant exposure) to breaks in vitro at 

alkaline pH, so-called "alkaline labile sites" (Shugart et al. 1992, Fairbairn et al. 1995). 
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Upon electrophoresis, fragmented DNA migrates from the intact nucleus, generating a 

"comet with tail" formation that is visualized by fluorescent staining. The size and 

fluorescent intensity of the comet tail is proportional to the number of induced DNA 

strand breaks (Tice et al. 2000). The excess production of DNA strand breaks in tissues 

from a variety of organisms has been well correlated with exposure to genotoxic agents 

(see Fairbairn et al. 1995, Mitchelmore and Chipman 1998a, and Cotelle and Ferard 1999 

for reviews). While field studies of terrestrial ecosystems using small mammals are still 

limited, increased strand breaks in white blood cell (leukocyte) DNA of rodents appears 

to be a sensitive biomarker of ongoing, low-level exposure to genotoxicants in coal (Silva 

et al. 2000a-c ), vehicle emissions (Heuser et al. 2002), and metal mine tailings (Festa et 

al. 2003). 

Flow cytometric DNA analysis measures irreversible genotoxic damage at the 

level of the chromosome. Clastogenic agents, including P AHs (Matsuoka et al. 1982, 

Djomo et al. 1995), induce structural alterations to chromosomes that may cause DNA to 

be improperly allocated to daughter cells during mitosis, creating differences in DNA 

content in proliferating cell populations (Bickham et al. 1988). Variation in DNA content 

among cells is described using the coefficient of variation (CV) of the resting (G1) phase, 

with an increased CV being indicative of clastogenic effects (Bickham 1990). Flow 

cytometric DNA analysis has been successfully used in a number of field studies, and 

variation in DNA content appears to be a sensitive biomarker of petrochemical 

genotoxicity in indigenous mammals (McBee and Bickham 1988, Bickham et al. 1998) 

and birds (Custer et al. 1994, Custer et al. 2000). 

The objective of this study was to assess whether chronic exposure to airborne 

emissions from petroleum field facilities was associated with 1) increased primary DNA 

damage (strand breaks), or 2) increased chromosomal damage (variation in DNA 

content), in peripheral leukocytes of a native rodent, Richardson's ground squirrel 

(Spermophilus richardsonii). These primarily herbivorous mammals (Rodentia: 

Sciuridae) were selected as a model species because they are widely distributed 

throughout the study area, have small home ranges, are amenable to capture and 

sampling, and provide a good comparison with conventional laboratory rodents. 

Exposure to hydrocarbon contaminants was evaluated on the basis of proximity to 
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emission sources, and the volume of gas flared or vented (as reported to provincial 

regulators). The results of this study will help to determine the environmental impact of 

the petroleum industry in western Canada, and assist in identifying sensitive biomarkers 

that may act as warning signs of potential genotoxicity, for the protection of wildlife, 

livestock, and human health. 

3.2 Materials and Methods 

3.2.1 Sample Collection 

Between May 11th and July 4th 2002, 200 Richardson's ground squirrels 

(Spermophilus richardsonii) were captured at 21 sites in south-central Alberta and 

Saskatchewan (49°N to 53"N, 104°W to 114°W), Canada (Figure 2-1, p. 29). Study sites 

were selected within the distribution of S. richardsonii based on proximity to oil and gas 

field facilities, in order to represent a range of probable exposure to airborne emissions 

from these sources. As much as possible, sites were chosen in geographically and 

ecologically homogenous zones. 

Ground squirrels were captured in live traps (Tomahawk Live Trap Co., 

Tomahawk, WI, USA) that were baited with a mixture of peanut butter and oats and 

placed at burrow entrances. Upon retrieval, each trap location was determined with a 

Global Positioning System (GPS) receiver ( eTrex Summit, Garmin International, Olathe, 

KS, USA). Captured ground squirrels were anesthetized on-site with halothane gas (MTC 

Pharmaceuticals, Cambridge, ON, Canada), followed by intraperitoneal injection of a 

mixture of90 mg/ml ketamine (Vetrepharm Canada Inc., Belleville, ON, Canada) and 2 

mg/ml xylazine (Bayer Inc., Toronto, ON, Canada). The ketamine/xylazine combination 

was given to effect, with the average dose required to induce anesthesia being about 710 

and 16 mg/kg, respectively. Body weight was measured using a spring scale (Pesola AG, 

Baar, Switzerland), and body length was measured from the nose to the base of the tail 

with the animal lying on its back. 

Using a heparinized syringe, blood was collected from the caudal vena cava into 

heparinized Vacutainer® tubes and stored on ice. For the comet assay, a 30 ~1 aliquot of 

blood was immediately mixed with 270 ~1 RPMI-1640 medium (Silva et al. 2000c) in 

microcentrifuge tubes while working out of direct sunlight. Human blood was used as 

negative and positive assay control samples (Silva et al. 2000c ). Control samples were 
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collected daily (after the first ground squirrel was processed) from a healthy volunteer 

(this author) by finger prick into a heparinized capillary tube and treated in exactly the 

same manner as the ground squirrel blood. Samples were stored on ice and protected 

from light until analysis, which occured within six hours of collection. For flow 

cytometry, a 500 or 700 ~I aliquot of each blood sample was mixed in 1.8 ml cryovials 

(Nalge Nunc International, Rochester, NY, USA) with an equivalent volume of chilled 

citrate buffer, consisting of 250 mM sucrose, 40 mM trisodium citrate, and 5o/o v/v 

DMSO, adjusted to pH 7.6 with 1.0 M citric acid (BDH, Toronto, ON, Canada). Samples 

were immediately frozen in liquid N2, and stored at -70°C pending flow cytometric DNA 

analysis. 

After blood collection, ground squirrels were euthanized by exsanguination while 

anesthetized. The use of animals in this research was approved by the University of 

Saskatchewan Committee on Animal Care and Supply, and was in accordance with 

guidelines established by the Canadian Council on Animal Care. 

Except where noted, all reagents and laboratory disposables were purchased from 

either VWR International (Mississauga, ON, Canada) or Sigma-Aldrich Canada Ltd. 

(Oakville, ON, Canada). 

3.2.2 Comet Assay 

The comet assay was performed after the protocol of McNamee and co-workers 

(2000), based on the method of Singh and colleagues (1988). The agarose solution 

consisted of 0. 75% w/v DNA grade, low-melting point agarose (Fisher Biotech, 

Fairlawn, NJ, USA) in phosphate-buffered saline (PBS) composed of 58 mM Na2HP04, 

17 mM NaH2P04, and 68 mM NaCI, pH 7.4. The lysis buffer (pH 1 0.0) was prepared 

with 2.5 M NaCI, 100 mM tetrasodium EDTA, 10 mM Tris base, and 1% w/v N-lauryl 

sarcosine, and supplemented with 1 o/o v/v Triton X-100 within 30 minutes of use. The 

alkaline unwinding buffer (pH 13.1) was prepared fresh with 0.3 M NaOH, 10 mM 

tetrasodium EDT A, 0.1% w/v 8-hydroxyquinoline, and 2% v/v DMSO. Cell viability was 

assessed using trypan blue exclusion within one hour of assay. 

All subsequent steps were performed in subdued light. Working quickly, 30 ~I of 

the cell suspension ( -50,000 cells) was gently mixed with 270 ~I of liquified agarose 

( 42°C) in a microcentrifuge tube. Duplicate 120 ~I aliquots of this mixture were then cast 
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into individual wells of a two-well Lab-Tek II chamber (Nalge Nunc International, 

Rochester, NY, USA) affixed to a 10 em by 6.5 em rectangle ofGelBond film (FMC 

Bioproducts, Rockport, ME, USA). Once the agarose solidified (in about two minutes), 

the chambers were removed, leaving the agarose-embedded cells attached to the films. 

The human blood sample being used as a positive control was exposed for five minutes to 

ice-cold 1 mM H202 freshly mixed in PBS. Next, each film was placed in ice-cold lysis 

buffer and maintained at 4°C in the dark for 60 minutes. After gently rinsing them with 

distilled water, the films were placed in alkaline unwinding buffer for 30 minutes. 

Electrophoresis was performed in chilled Hoefer HE3 3 electrophoresis units (Hoefer 

Scientific Instruments, San Francisco, CA, USA) containing 220 ml alkaline unwinding 

buffer and powered by a Thermo EC570-90 power unit (Thermo Electron Corporation, 

Waltham, MA, USA). Films were run for 20 minutes at 19 V ("'1.5 V/cm constant 

voltage,> 300 rnA). Following electrophoresis, films were neutralized in 1 M ammonium 

acetate for 30 minutes, then allowed to dehydrate for two hours in 95% ethanol and 

removed to air-dry overnight. 

Imaging was performed at a later date on one set of the 187 samples and the 

positive and negative controls. Individual gels were stained for 20 minutes with a 

1/10,000 dilution of stock SYBR Gold (Molecular Probes, Eugene, OR, USA) in ddH20, 

rinsed with water, and placed on a glass slide and sealed with a coverslip. Comets were 

illuminated with a 100-W mercury lamp and viewed at 220X magnification using a 40X 

Olympus UPlanApo oil immersion lens on an Olympus BX60 fluorescence microscope 

(Olympus America Inc., Melville, NY, USA). Comets were quantified in a semi

automated manner from digital images captured with a Hitachi CCD colour camera (KP

D581) and analyzed using Alkomet software (v.3.1, Richard Brancker Research, Ottawa, 

ON, Canada). The degree of DNA damage was expressed as comet tail length (from the 

leading edge of the head to the tip of the tail, in ~m), tail ratio (% migrated DNA, i.e., the 

fluorescence intensity in the tail region relative to that of the entire comet), and tail 

moment (tail ratio multiplied by the distance between the centers of gravity of the head 

and tail regions, as defined by Hellman et al. 1995). A minimum of 50 cells were scored 

per sample, with outliers (> 4 SD from sample mean) identified and removed using 
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WinSTAT (v.3.1, Microsoft Corporation, Redmond, WA, USA). All sample gels were 

scored without knowledge of treatment group. 

3.2.3 Flow Cytometric DNA Analysis 

Flow cytometric DNA analysis was performed on 196 blood samples after 

previously described methods (Vindelov and Christensen 1994, Bickham et al. 1998, 

Custer et al. 2000, Wickliffe et al. 2000). Unless noted, all solutions (pH 7 .6) were 

prepared the day prior to the start of the experiment and stored at 4°C. A stock solution, 

consisting of3.4 mM trisodium citrate, 0.1% v/v IGEPAL CA-630, 1.5 mM spermine 

tetrahydrochloride, and 0.5 mM Tris base, was used in the preparation of the subsequent 

solutions. Solution A contained trypsin (30 mg/L stock) and Solution B contained trypsin 

inhibitor (500 mg/L stock) plus ribonuclease A (1 00 mg/L). The stain solution included 

3.3 mM spermine tetrahydrochloride and propidium iodide ( 416 mg!L stock), and 

aliquots were stored in the dark at -70°C. 

Frozen blood samples were thawed at room temperature immediately before use. 

Nuclear suspensions were obtained by treating 100 ~1 of the blood mixture in a 

microcentrifuge tube with 450 ~1 of Solution A and 50 ~1 of citrate buffer, physically 

disrupting the cells with a dounce homogenizer, then allowing the samples to sit for 10 

minutes at room temperature. Each day, 5 ~1 of chicken blood was similarly processed as 

a check on the quality of sample preparations. Next, 375 ~1 of Solution B was added to 

each sample in the microcentrifuge tubes. After 10 minutes incubation, the nuclear 

suspension was pipetted through 37 ~m mesh nylon filter cloth (Cole Parmer, Vernon 

Hills, IL, USA) into a 12x75 mm Falcon TM tube to remove cellular debris. Finally, 

suspensions were stained by adding 375 ~1 of stain solution to each tube for a minimum 

of 15 minutes on ice. Samples were acquired within two hours of staining. 

Nuclear DNA content in each sample was determined by measuring nuclear 

fluorescence with an Epics Elite ESP® flow cytometer (Beckman Coulter Canada Inc., 

Mississauga, ON, Canada) equipped with a 488 run argon laser. As much as possible, 

10,000 cells in the G1 phase were counted (PMT3 linear vs. PMT3 peak as parameters). 

Nuclear fluorescence values were plotted as histograms using Expo32 acquisition and 

analysis software (v.1.2, Beckman Coulter) to estimate the mean and standard deviation 
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of DNA content (genome size) for each individual. Full-peak (percent) CV (standard 

deviation/mean x 1 00) and half-peak CV (HPCV) were used as indicators of 

chromosomal damage, with increased CV or HPCV being indicative of greater damage. 

Fluorospheres (Flow-Check™, Beckman Coulter) were used to align and focus the flow 

cytometer each day prior to sample analysis and periodically throughout the assay. The 

experiment was run over two days, with all treatments (sites) represented on both days. 

Each day, samples were randomly allocated into six batches, with each site represented in 

each batch as much as possible, and the machine operator was unaware of the treatment 

level associated with each sample. Flow rates varied from 100-200 events per second. 

Histograms were evaluated qualitatively to ensure the target cell population was 

appropriately gated. 

3.2.4 Exposure Assessment 

Exposure was assessed by linking trap locations with petroleum industry records 

obtained from the Alberta Energy and Utilities Board and Saskatchewan Energy and 

Mines, the respective provincial regulatory agencies. Using Arc View (v.3.2, ESRI 

Business Information Solutions, Redlands, CA, USA) Geographic Information System 

(GIS) software, trap site coordinates were plotted on a map detailing the locations of 

local petroleum facilities known to the provincial regulatory agencies. The types of 

facilities considered were oil and gas wells, small facilities (oil and gas batteries), and 

large facilities (gas processing plants and gas gathering systems). 

Facility counts were determined by counting the number of wells or batteries 

within 1.6 km (1 mile) of the trap site (Waldner et al. 2001a), or the number of large 

facilities within 8.0 km (5 miles) of the trap site (to account for the higher flare stacks). 

Flaring and venting volumes (to the nearest 0.1x103 m3
, adjusted to 101.325 kPa and 

15°C), including the location discharged, were obtained from monthly disposition reports 

submitted by operators of oil and gas production and processing facilities. For each 

ground squirrel trap location, total monthly flaring and/or venting volumes for both small 

and large facilities (located within the defined radii) were summed over time to describe 

cumulative exposure. Exposure of juvenile animals included data from April 2002 

(approximate emergence from hibernation) to the month when captured (May, June or 

July), while exposure of adults was calculated for both "lifetime" (April2001 to the 
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month captured) and "recent" (since April 2002) time frames. In addition to continuous 

exposure estimates, categorical measures of exposure were derived on an 

absence/presence basis. 

3.2.5 Statistical Analysis 

Descriptive statistics for all covariables, exposure variables, and outcomes were 

compiled using SPSS® (v.l2.0, SPSS Inc., Chicago, IL, USA). Summaries are reported 

for all 200 animals, though only 187 and 196 samples were available for the comet assay 

and flow cytometry, respectively. Biologically or environmentally relevant covariables 

considered included gender, age (adult or juvenile), body weight, body length, size ratio 

(body weight/body length, a measure of body condition), ecoregion, and precipitation. 

Ecoregion was defined as a "subdivision of an ecoprovince characterized by distinctive 

regional ecological factors, including climate, physiography, vegetation, soil, water and 

fauna" (Marshall and Schut 1999). Precipitation data (percent of average precipitation in 

agricultural areas) over the 2002 growing season (April1 to August 23) were obtained 

from the Prairie Farm Rehabilitation Administration's Drought Watch program 

(Agriculture and Agri-Food Canada). To account for day-to-day variability, mean comet 

parameters for the ground squirrel samples were normalized to the day's negative control 

(sample/control*100; e.g. Owen et al. 2002). Correlation (Pearson's r) among comet 

parameters (mean comet tail length, tail ratio, and tail moment) was also determined. Of 

the flow cytometry parameters (CV and HPCV), only the CV was log-transformed to 

attain normality. 

The association between exposure and genotoxicity was analyzed using a mixed 

linear model (PROC MIXED in SAS® v.8.2 for Windows, SAS Institute, Cary, NC, 

USA). Site was included as a random effect (as was day of analysis for flow cytometry 

outcomes) to account for clustering of the observations. Model building began with a 

univariate analysis to screen exposure, biological, and environmental parameters for the 

strength of their association with genotoxicity assay results, with only those approaching 

P < 0.25 considered for inclusion in the final model. Subsequently, predictors that 

survived screening were evaluated together using a manual stepwise backwards 

elimination strategy. Correlation among exposure variables (Spearman's p > 0. 7) was 

considered at each step of model building to minimize the problem of multicollinearity, 
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and "lifetime" and "recent" exposure periods were tested separately, as were continuous 

and categorical measures of exposure. A Bonferroni correction adjusted for experiment

wise error rate (based on the number of hypotheses) was used in developing the final 

model to minimize potential for type I error associated with the multiple outcomes 

examined. Therefore, only the exposure variables remaining in the final multivariate 

model at P < 0.0167 for comet assay outcomes, or P < 0.025 for flow cytometry 

outcomes, are reported. Covariables acting as important confounders (removal of the 

covariate from the model changed the effect estimate by more than 1 0%) were retained in 

the model. Biologically reasonable first order interaction terms between the covariables 

and exposure parameters were tested for inclusion in the final model. Lastly, the 

distribution of residuals was examined using box plots, normal Q-Q plots, and plots of 

residuals against predicted values to look for extreme outliers and to ensure that the 

assumptions of normality and homoscedasticity had been met. 

3.3 Results 

Ground squirrels captured during their summer activity period ranged in weight 

from 80-625 g, with a mean(± SD) of377.3 ± 82.93 g (Table 2-1, p. 37), and were 

predominantly (80.5%) adult females (Table 2-2, p. 37). Most sites (20 out of21) were 

located in the prairies ecozone, including the aspen parkland and various grassland 

ecoregions, though ground squirrels were also captured where arable agricultural land 

extends into the fringes of the boreal plains ecozone (boreal transition and western 

Alberta upland ecoregions, Table 2-2). Drought conditions in previous years carried over 

into the summer of 2002, with water shortages stunting pasture growth in large regions of 

central Alberta and west central Saskatchewan. In total, 14 out of 21 sites received less 

precipitation than their historical average (Table 2-2). 

Ground squirrels varied in their exposure to airborne emissions from oil and gas 

field facilities (Tables 2-3, p. 38, and 2-4, p. 39). Fifty-six animals (representing 8 sites) 

were classified as unexposed to industry-related emissions on all counts, including all the 

animals from Saskatchewan. Exposure to total flared gases was greatest from the gas 

processing plants. In general, the exposure values were skewed towards the low end, with 

only the presence of wells describing the exposure of more than half of the subjects. 

Among the categorical exposure variables, the descriptive statistics for gas venting from 
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small facilities and gas plant flaring were identical for their recent and lifetime time 

periods. 

Correlation among exposure variables (Tables 2-5 to 2-8, p. 40-43) was a crucial 

consideration in model building. In general, exposure to emissions from small field 

facilities was not strongly related to exposure to large field facilities. 

Representative comets from ground squirrel leukocyte DNA are pictured in 

Figure 3-1, and the comet variables are summarized in Table 3-1. Of the three variables 

chosen for analysis, tail ratio appeared to exhibit the greatest difference from control 

comets. Correlation among comet variables (Table 3-2) was greatest for tail ratio and tail 

moment. Cell viability for all samples was consistently found to be above 96%, and the 

comets from negative and positive assay control samples were easily distinguished. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and comet tail length are presented in Tables 3-3 and 3-4. For all comet 

variables, where the distribution of an exposure variable dictated, some exposure 

variables were retested after refining their categorization from absence/presence to 

absence/low/high. However, the results (not shown) did not add anything to the 

interpretation of the data, and.therefore the refined variables were not further considered 

in model building. Precipitation was the only significant predictor of comet tail length in 

the final model (Table 3-5), though the models with precipitation plus recent (~ 0.085, 

95% CI 0.004-0.166, P = 0.0394) or lifetime(~ 0.019, 95o/o CI 0.002-0.036, P = 

0.0297) gas flaring from small facilities were almost significant. 

For comet tail ratio, summaries of the univariate comparisons with each exposure 

variable or covariable are given in Tables 3-6 and 3-7. Among the covariables, both body 

weight and size ratio were useful predictors, though only body weight was used in model 

building due to its greater simplicity of measurement. Final models relating exposure to 

emissions from oil and gas field facilities and comet tail ratio are presented in Tables 3-8 

and 3-9. Increased tail ratio was significantly associated with recent flaring from gas 

processing plants, either where flaring was expressed as a continuous(~ 0.054, 95o/o CI 

0.014-0.094, P = 0.0080) or categorical variable(~ 32.7, 95% CI 7.2- 58.3, P = 

0.0124). Leukocytes of ground squirrels exposed to gas flaring had an average(± SE) 

comet tail ratio of 135.8 ± 11.49%, an increase of 132% from control levels of 103.1 ± 
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5.95o/o. The negative coefficient for body weight suggested that larger ground squirrels 

experienced a lesser degree of DNA strand breaks. No interaction terms were retained in 

the final models. The association of tail ratio with the presence of flaring from gas plants, 

illustrated in Figure 3-2, yielded identical results over both recent and lifetime time 

periods. The shift in the distribution of mean tail ratios among ground squirrels exposed 

to gas plant flaring is pictured in Figure 3-3. 

Summaries of the univariate comparisons between each exposure variable or 

co variable and comet tail moment are presented in Tables 3-10 and 3-11. While body 

weight was the only significant predictor of comet tail moment {Table 3-12), the model 

including body weight plus the presence (recent or lifetime) of flaring from gas plants (p 

22.9, 95% CI -0.8- 46.6, P = 0.0577) was nearly significant. Mean tail moments 

experienced a similar shift in distribution among ground squirrels exposed to gas plant 

flaring (Figure 3-4) as for tail ratio. 

Flow cytometry variables are summarized in Table 3-13. Of the two variables 

chosen for analysis, the DNA CV was higher on average than HPCV and exhibited more 

variability. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log CV are presented in Tables 3-14 and 3-15. In the final model {Table 3-

16), only precipitation remained a significant predictor of log CV. Summaries of the 

univariate comparisons for HPCV are presented in Tables 3-17 and 3-18. Again, only the 

covariable precipitation remained in the final model for HPCV (Table 3-19). No exposure 

variables were significant predictors of increased DNA variability (P > 0.05). Where the 

distribution of an exposure variable dictated, some were retested after refining their 

categorization from absence/presence to absence/low/high. However, the results (not 

shown) did not add anything to the interpretation of the data, and therefore the refined 

variables were not further considered in model building. 
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Figure 3-1. Representative comets from (a) undamaged and (b) damaged ground 
squirrel white blood cell DNA. Nuclei were stained with SYBR Gold. 
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Table 3-1. Descriptive summary of comet assay outcomes (% of negative control) 
measured in leukocyte DNA of ground squirrels captured in Alberta and 
Saskatchewan. 

Percentiles 
N Mean SD Median 25th 75th 

Comet tail length (%) 187 104.5 45.86 94.8 71.1 121.5 

Comet tail ratio (%) 187 110.8 40.32 107.6 81.8 134.1 

Comet tail moment (%) 187 108.4 39.71 103.6 80.2 128.1 

Table 3-2. Correlation (Pearson's coefficient, r) among comet assay outcomes(% of 
negative control); N=187. Asterisk denotes correlation is significant at 0.05 
(2-tailed). 

Comet Comet Comet 
tail length tail ratio tail moment 

Comet tail length 1.000 0.490* 0.686* 

Comet tail ratio 0.490* 1.000 0.917* 

Comet tail moment 0.686* 0.917* 1.000 
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Table 3-3. Summary of univariate comparisons between each exposure variable and 
comet tail length(% of negative control) in ground squirrel (N=187) 
leukocytes.a 

95%) Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number of wells6 0.189 -0.578 0.956 0.6275 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3) 0.015 -0.006 0.037 0.1538 
Gas flared recentlyct ( 103 m3) 0.072 -0.028 0.172 0.1564 
Gas vented over lifetime ( 103 m3) 0.041 -0.343 0.426 0.8314 
Gas vented recently ( 1 03 m3) 0.478 -2.416 3.372 0.7446 
Number of batteries 7.940 -3.241 19.120 0.1628 
Large facilitiese 
Gas plant flaring over lifetime (103 m3) -0.003 -0.015 0.008 0.5751 
Recent gas plant flaring ( 103 m3) -0.001 -0.052 0.049 0.9609 
Number of gas plants 0.421 -15.053 15.894 0.9573 
Gas gathering system flaring over lifetime 

(103m3) -0.005 -0.520 0.509 0.9836 
Recent gas gathering system flaring 

(103 m3
) -5.097 -12.627 2.434 0.1833 

Number of gas gathering systems 0.598 -5.770 6.966 0.8531 
Categorical variables 
Presence of wells -1.72 -25.95 22.52 0.8888 
Small facilities 
Presence of gas flaring in lifetime 18.72 -9.20 46.64 0.1874 
Presence of recent gas flaring 26.02 -7.98 60.02 0.1327 
Presence of gas venting in lifetime 19.36 -22.46 61.18 0.3620 
Presence of recent gas venting 19.36 -22.46 61.18 0.3620 
Presence of batteries 3.35 -22.85 29.55 0.8010 
Large facilities 
Presence of gas plant flaring in lifetime 11.74 -19.64 43.11 0.4612 
Presence of recent gas plant flaring 11.74 -19.64 43.11 0.4612 
Presence of gas plants -0.88 -27.29 25.53 0.9476 
Presence of gas gathering system flaring 

in lifetime -0.57 -36.83 35.68 0.9751 
Presence of recent gas gathering system 

flaring -38.73 -95.96 18.50 0.1833 
Presence of gas gathering systems 11.05 -14.54 36.63 0.3952 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 3-4. Summary of univariate comparisons between each biological or 
environmental covariable and comet tail length (% of negative control) in 
ground squirrel (N=187) leukocytes. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Body weight (g) -0.029 -0.114 -0.056 0.5017 
Body length (mm) 0.115 -0.284 -0.001 0.5715 
Size ratio (g/mm) -10.69 -36.50 15.12 0.4147 
Age- Adults -10.86 -12.74 34.46 0.3647 
Age- Juveniles Reference 
Gender - Females 9.73 -7.36 26.83 0.2625 
Gender - Males Reference 
Precipitationb 
- Well Above Average -52.2 -102.4 -1.9 0.0421 
- Above Average -50.0 -93.9 -6.2 0.0256 
-Average -80.9 -137.5 -24.4 0.0053 
- Below Average -53.7 -89.4 -18.1 0.0421 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 20.5 -65.2 106.1 0.6381 
- Boreal Transition 11.5 -91.9 114.9 0.8266 
- Fescue Grassland 8.7 -69.3 86.6 0.8267 
- Mixed Grassland 10.4 -79.2 100.0 0.8183 
-Moist Mixed Grassland 8.1 -86.7 102.9 0.8659 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 3-5. Final model describing the association between precipitation and comet tail 
length(% of negative control) in ground squirrel (N=187) leukocytes. a 

Intercept 
Covariable 
Precipitationb 
- Well Above Average 
- Above Average 
-Average 
- Below Average 
- Well Below Average 

Regression 
coefficient (~) 

154 

-52.2 
-50.0 
-80.9 
-53.7 

Reference 

95°/o Confidence interval 
for p 

Lower Upper 

119 190 

-102.4 -1.9 
-93.9 -6.2 

-137.5 -24.4 
-89.4 -18.1 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Pvalue 

< 0.0001 

0.0421 
0.0256 
0.0053 
0.0034 

b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 3-6. Summary of univariate comparisons between each exposure variable and 
comet tail ratio(% of negative control) in ground squirrel (N=l87) 
leukocytes. a 

95°/o Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number of wells6 0.276 -0.437 0.988 0.4457 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) -0.001 -0.022 0.020 0.9195 
Gas flared recentlyd ( 103 m3

) -0.003 -0.102 0.095 0.9452 
Gas vented over lifetime ( 103 m3

) 0.107 -0.252 0.466 0.5566 
Gas vented recently ( 1 03 m3

) 0.830 -1.877 3.538 0.5458 
Number of batteries -1.623 -12.636 9.391 0.7715 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) -0.004 -0.015 0.006 0.4135 
Recent gas plant flaring ( 1 03 m3

) 0.052 0.011 0.093 0.0127 
Number of gas plants 11.665 -1.581 24.912 0.0839 
Gas gathering system flaring over lifetime 

(103 m3
) -0.272 -0.741 0.196 0.2528 

Recent gas gathering system flaring 
(103 m3

) -5.157 -12.176 1.861 0.1487 
Number of gas gathering systems -3.496 -9.239 2.247 0.2311 
Categorical variables 
Presence of wells 0.25 -21.88 22.37 0.9824 
Small facilities 
Presence of gas flaring in lifetime -0.95 -27.97 26.07 0.9449 
Presence of recent gas flaring -2.67 -36.63 31.28 0.8766 
Presence of gas venting in lifetime 11.43 -28.58 51.44 0.5734 
Presence of recent gas venting 11.43 -28.58 51.44 0.5734 
Presence of batteries -10.45 -34.08 13.18 0.3837 
Large facilities 
Presence of gas plant flaring in lifetime 31.96 6.14 57.77 0.0156 
Presence of recent gas plant flaring 31.96 6.14 57.77 0.0156 
Presence of gas plants 12.28 -11.89 36.45 0.3174 
Presence of gas gathering system flaring 

in lifetime -19.36 -52.34 13.63 0.2483 
Presence of recent gas gathering system 

flaring -39.19 -92.54 14.15 0.1487 
Presence of gas satherins systems -16.86 -40.04 6.32 0.1528 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 3-7. Summary of univariate comparisons between each biological or 
environmental covariable and comet tail ratio (o/o of negative control) in 
ground squirrel (N= 187) leukocytes. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~} 

Body weight (g) -0.076 -0.146 -0.007 0.0320 
Body length (mm) -0.249 -0.577 0.080 0.1373 
Size ratio (g/mm) -24.01 -45.12 -2.90 0.0260 
Age- Adults -18.56 -37.86 -0.74 0.0594 
Age- Juveniles Reference 
Gender - Females -1.17 -15.31 12.96 0.8700 
Gender - Males Reference 
Precipitation b 

- Well Above Average 1.9 -58.2 62.0 0.9494 
- Above Average -10.0 -63.6 43.7 0.7142 
-Average 7.2 -63.5 77.9 0.8404 
- Below Average -2.1 -46.4 42.2 0.9250 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 23.7 -46.6 94.0 0.5066 
- Boreal Transition 18.6 -67.4 104.6 0.6700 
- Fescue Grassland 56.6 -6.6 119.7 0.0791 
- Mixed Grassland 19.9 -53.9 93.6 0.5955 
- Moist Mixed Grassland 43.9 -34.5 122.3 0.2703 
- Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 3-8. Final model describing the association between the volume of recent flaring 
from gas plants plus ground squirrel (N=187) body weight and comet tail 
ratio (% of negative control) in leukocytes. a 

Intercept 
Exposure 
Recent gas plant flaringc,d 

(103 m3
) 

Covariable 
Body weight (g) 

Regression 
coefficient (~) 

136 

0.054 

-0.080 

95°/o Confidence interval 
for~ 

Lower Upper Pvalueb 

106 166 < 0.0001 

0.014 0.094 0.0080 

-0.149 -0.012 0.0224 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b P < 0.0167 was considered significant for exposure variables after adjusting for experiment-wise error 

rate 
e Within an 8.0 km radius of the trap site 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 

Table 3-9. Final model describing the association between the presence of flaring from 
gas plants (recenta and lifetimeb) plus ground squirrel (N=187) body weight 
and comet tail ratio(% of negative control) in leukocytes.c 

Intercept 
Exposure 
Presence of gas plant 

flaringe 
Covariable 
Body weight (g) 

Regression 
coefficient(~) 

133 

32.7 

-0.078 

95°/o Confidence interval 
for~ 

Lower Upper 

103 164 

7.2 58.3 

-0.147 -0.009 

Pvalue d 

< 0.0001 

0.0124 

0.0264 
a "Recent" for both adults and juveniles was from April 2002 to the month captured 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
c Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
d P < 0.0167 was considered significant for exposure variables after adjusting for experiment-wise error 

rate 
e Within an 8.0 km radius of the trap site 
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Figure 3-2. The simple association between comet tail ratio (% of negative control) in 
ground squirrel leukocytes and the presence of flaring from gas plants 
within 8.0 km of the trap location, unadjusted for body weight and site. The 
center line reflects the median, the box the interquartile range, and the 
whiskers extend from the highest to lowest values excluding outliers. 
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Figure 3-3. Frequency of mean comet tail ratios(% of negative control) in ground 
squirrel (N= 187) leukocytes for animals without (light bars) and with (dark 
bars) exposure to flaring from gas plants within 8.0 km of the trap location. 
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Table 3-10. Summary of univariate comparisons between each exposure variable and 
comet tail moment(% of negative control) in ground squirrel (N=187) 
leukocytes. a 

95°/o Confidence 
interval for ~ 

Regression Lower Upper 
coefficient {~} 

Continuous variables 
Number ofwells6 0.306 -0.327 0.938 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 0.003 -0.015 0.022 
Gas flared recentlyd (103 m3

) 0.016 -0.072 0.104 
Gas vented over lifetime ( 103 m3

) 0.124 -0.193 0.440 
Gas vented recently ( 103 m3

) 0.992 -1.392 3.377 
Number of batteries 1.073 -8.786 10.931 
Large facilitiese 
Gas plant flaring over lifetime (103 m3

) -0.001 -0.011 0.009 
Recent gas plant flaring ( 103 m3

) 0.029 -0.010 0.069 
Number of gas plants 5.787 -6.851 18.425 
Gas gathering system flaring over lifetime 

(103 m3
) -0.191 -0.613 0.232 

Recent gas gathering system flaring 
(103 m3

) -5.057 -11.252 1.139 
Number of gas gathering systems -2.216 -7.464 3.031 
Categorical variables 
Presence of wells -4.28 -24.81 16.25 
Small facilities 
Presence of gas flaring in lifetime 6.26 -18.22 30.73 
Presence of recent gas flaring 5.38 -24.66 35.42 
Presence of gas venting in lifetime 16.22 -18.78 51.22 
Presence of recent gas venting 16.22 -18.78 51.22 
Presence of batteries -6.43 -28.59 15.74 
Large facilities 
Presence of gas plant flaring in lifetime 22.16 -2.15 46.47 
Presence of recent gas plant flaring 22.16 -2.15 46.47 
Presence of gas plants 4.24 -17.76 26.24 
Presence of gas gathering system flaring 

in lifetime -13.61 -43.33 16.11 
Presence of recent gas gathering system 

flaring -38.43 -85.52 8.66 
Presence of gas gathering systems -8.08 -29.52 13.35 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

0.3417 

0.7142 
0.7162 
0.4411 
0.4126 
0.8302 

0.8429 
0.1470 
0.3673 

0.3740 

0.1090 
0.4055 

0.6809 

0.6144 
0.7240 
0.3615 
0.3615 
0.5677 

0.0737 
0.0737 
0.7040 

0.3672 

0.1090 
0.4575 

c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 

d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 3-11. Summary of univariate comparisons between each biological or 
environmental covariable and comet tail moment (% of negative control) in 
ground squirrel (N=187) leukocytes. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Body weight (g) -0.079 -0.153 -0.005 0.0368 
Body length (mm) -0.265 -0.614 -0.084 0.1354 
Size ratio (g/mm) -25.33 -47.76 -2.91 0.0271 
Age-Adults -17.33 -38.08 3.43 0.1012 
Age- Juveniles Reference 
Gender - Females -1.32 -13.82 16.46 0.8634 
Gender- Males Reference 
Precipitationb 
- Well Above Average -18.6 -70.5 33.2 0.4786 
- Above Average -26.9 -72.6 18.8 0.2475 
-Average -16.5 -76.1 43.1 0.5851 
- Below Average -22.7 -60.2 14.8 0.2330 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 27.0 -47.3 101.3 0.4738 
- Boreal Transition 20.7 -67.5 109.0 0.6435 
- Fescue Grassland 40.2 -28.3 108.7 0.2481 
- Mixed Grassland 19.1 -58.3 96.5 0.6269 
- Moist Mixed Grassland 38.0 -43.5 119.5 0.3589 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 

Table 3-12. Final model describing the association between ground squirrel (N=187) 
body weight and comet tail moment(% of negative control) in leukocytes. a 

95o/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~) 

Intercept 138 107 170 < 0.0001 
Covariable 
Body weight (g) -0.079 -0.153 -0.005 0.0368 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Figure 3-4. Frequency of mean comet tail moments (% of negative control) in ground 
squirrel (N=187) leukocytes for animals without (light bars) and with (dark 
bars) exposure to flaring from gas plants within 8.0 km of the trap location. 
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Table 3-13. Descriptive summary of flow cytometry outcomes measured in leukocyte 
DNA of ground squirrels captured in Alberta and Saskatchewan. 

Coefficient of 
variation (CV) 

Half-peak coefficient 
of variation (HPCV) 

N 
196 

196 

Mean 
5.1 

3.9 

87 

Percentiles 
SD Median 25th 75th 
1.01 4.8 4.4 5.4 

0.47 3.8 3.5 4.2 



Table 3-14. Summary of univariate comparisons between each exposure variable and log 
coefficient of variation (CV) of ground squirrel (N=l96) leukocyte DNA. a 

95% Confidence 
interval for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number ofwells6 -0.0003 -0.0012 0.0007 0.5744 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3) -3E-6 -3E-5 3E-5 0.847I 
Gas flared recentlyd (I 03 m3) -8E-7 -O.OOOI O.OOOI 0.9896 
Gas vented over lifetime (I 03 m3) -O.OOOI -0.0006 0.0003 0.5684 
Gas vented recently (I 03 m3) -0.0007 -0.0042 0.0027 0.6705 
Number of batteries 0.0025 -O.OII2 0.0162 0.7I48 
Large facilitiese 
Gas plant flaring over lifetime (I 03 m3) 3E-6 -IE-5 2E-5 0.6897 
Recent gas plant flaring (I 03 m3) 2E-6 -O.OOOI O.OOOI 0.9378 
Number of gas plants 0.004I -O.OI48 0.023I 0.6673 
Gas gathering system flaring over lifetime 

(I03 m3) 3E-5 -0.0006 0.0006 0.9269 
Recent gas gathering system flaring 

(103m3) -O.OOI3 -O.OI08 0.0082 0.7874 
Number of gas gathering systems 0.0006 -0.0070 0.0083 0.8659 
Categorical variables 
Presence of wells 0.0034 -0.0269 0.0336 0.8265 
Small facilities 
Presence of gas flaring in lifetime -0.0065 -0.0420 0.029I 0.72IO 
Presence of recent gas flaring 0.0065 -0.0352 0.0482 0.7594 
Presence of gas venting in lifetime 0.0065 -0.0424 0.0554 0.7929 
Presence of recent gas venting 0.0065 -0.0424 0.0554 0.7929 
Presence of batteries -0.0092 -0.0419 0.0236 0.5808 
Large facilities 
Presence of gas plant flaring in lifetime 0.0076 -0.0293 0.0445 0.685I 
Presence of recent gas plant flaring 0.0076 -0.0293 0.0445 0.6851 
Presence of gas plants 0.0064 -0.0258 0.0385 0.6962 
Presence of gas gathering system flaring 

in lifetime 0.0018 -0.039I 0.0427 0.9322 
Presence of recent gas gathering system 

flaring -0.0099 -0.0822 0.0624 0.7874 
Presence of gas gathering systems 0.0017 -0.0284 0.0318 0.9113 
a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 

analysis 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 3-15. Summary of univariate comparisons between each biological or 
environmental co variable and log CV of ground squirrel (N= 196) leukocyte 
DNA. a 

95o/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Body weight (g) 9E-6 -0.0001 0.0001 0.8916 
Body length (mm) 3E-5 -0.0005 0.0006 0.9043 
Size ratio (g/mm) 0.0008 -0.0380 0.0396 0.9676 
Age-Adults 0.0019 -0.0313 0.0351 0.9084 
Age - Juveniles Reference 
Gender - Females -0.0066 -0.0371 0.0239 0.6705 
Gender- Males Reference 
Precipitationb 
- Well Above Average -0.0104 -0.0633 0.0425 0.6978 
- Above Average -0.0432 -0.0846 -0.0018 0.0411 
-Average 0.0857 0.0358 0.1355 0.0009 
- Below Average -0.0129 -0.0437 0.0178 0.4066 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.0561 -0.0862 0.1985 0.4375 
- Boreal Transition 0.0440 -0.1036 0.1915 0.5573 
- Fescue Grassland 0.0603 -0.0832 0.2037 0.4082 
- Mixed Grassland 0.0343 -0.1108 0.1794 0.6417 
- Moist Mixed Grassland 0.1203 -0.0254 0.2660 0.1051 
-Western Alberta Upland Reference 
a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 

analysis 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 3-16. Final model describing the association between precipitation and log CV of 
ground squirrel (N=196) leukocyte DNA. a 

Intercept 
Covariable 
Precipitationb 

Regression 
coefficient (p) 

0.705 

-Well Above Average -0.010 
-Above Average -0.043 
-Average 0.086 
-Below Average -0.013 
- Well Below Average Reference 

95°/o Confidence interval 
for (3 

Lower 

0.444 

-0.063 
-0.085 
0.036 
-0.044 

Upper 

0.966 

0.043 
-0.002 
0.136 
0.018 

Pvalue 

0.0185 

0.6978 
0.0411 
0.0009 
0.4066 

a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 
analysis 

b Percent of average precipitation in agricultural areas over the 2002 growing season (April I to August 23) 
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Table 3-17. Summary of univariate comparisons between each exposure variable and 
half-peak coefficient of variation (HPCV) of ground squirrel (N= 196) 
leukocyte DNA. a 

95% Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Continuous variables 
Number of wells6 -0.0022 -0.0059 0.0016 0.2550 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3) 4E-5 -0.0001 0.0002 0.4556 
Gas flared recentlyd ( 103 m3) 0.0003 -0.0003 0.0008 0.3087 
Gas vented over lifetime ( 103 m3) -0.0014 -0.0032 0.0004 0.1334 
Gas vented recently ( 103 m3) -0.0088 -0.0224 0.0048 0.2046 
Number of batteries 0.0262 -0.0283 0.0807 0.3444 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3) 5E-6 -0.0001 0.0001 0.8693 
Recent gas plant flaring ( 103 m3) -1E-5 -0.0002 0.0002 0.9039 
Number of gas plants 0.0260 -0.0538 0.1057 0.5214 
Gas gathering system flaring over lifetime 

(103m3) 0.0017 -0.0009 0.0042 0.1986 
Recent gas gathering system flaring 

(103m3) -0.0181 -0.0576 0.0214 0.3662 
Number of gas gathering si:stems 0.0095 -0.0226 0.0416 0.5606 
Categorical variables 
Presence of wells 0.0445 -0.0842 0.1733 0.4956 
Small facilities 
Presence of gas flaring in lifetime 0.0319 -0.1135 0.1772 0.6659 
Presence of recent gas flaring 0.1328 -0.0249 0.2905 0.0984 
Presence of gas venting in lifetime -0.0205 -0.2203 0.1793 0.8398 
Presence of recent gas venting -0.0205 -0.2203 0.1793 0.8398 
Presence of batteries -0.0171 -0.1559 0.1217 0.8085 
Large facilities 
Presence of gas plant flaring in lifetime 0.0258 -0.1256 0.1772 0.7370 
Presence of recent gas plant flaring 0.0258 -0.1256 0.1772 0.7370 
Presence of gas plants 0.0625 -0.0717 0.1967 0.3593 
Presence of gas gathering system flaring 

in lifetime 0.1153 -0.0649 0.2955 0.2084 
Presence of recent gas gathering system 

flaring -0.1377 -0.4375 0.1622 0.3662 
Presence of gas gathering systems 0.0834 -0.0382 0.2049 0.1777 
a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 

analysis 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 3-18. Summary of univariate comparisons between each biological or 
environmental covariable and HPCV of ground squirrel (N=196) leukocyte 
DNA. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Body weight (g) -0.0001 -0.0008 0.0005 0.7249 
Body length (mm) 0.0004 -0.0025 0.0032 0.8059 
Size ratio (g/mm) -0.0693 -0.2675 0.1288 0.4909 
Age -Adults 0.0660 -0.1068 0.2389 0.4518 
Age- Juveniles Reference 
Gender- Females 0.0923 -0.0659 0.2505 0.2509 
Gender- Males Reference 
Precipitationb 
- Well Above Average -0.1338 -0.4150 0.1475 0.3492 
- Above Average -0.3024 -0.5220 -0.0828 0.0072 
-Average 0.1071 -0.1578 0.3720 0.4260 
- Below Average -0.0845 -0.2473 0.0784 0.3073 
- Well Below Average Reference 
Ecoregion 
-Aspen Parkland 0.3105 -0.4351 1.0561 0.4123 
- Boreal Transition 0.3906 -0.3779 1.1590 0.3172 
- Fescue Grassland 0.3234 -0.4300 1.0768 0.3980 
- Mixed Grassland 0.1470 -0.6126 0.9065 0.7030 
- Moist Mixed Grassland 0.4716 -0.2898 1.2331 0.2232 
-Western Alberta Upland Reference 
a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 

analysis 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April I to August 23) 
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Table 3-19. Final model describing the association between precipitation and HPCV of 
ground squirrel (N=196) leukocyte DNA. a 

Intercept 
Covariable 
Precipitation b 

- Well Above Average 
- Above Average 
-Average 
- Below Average 
- Well Below Average 

Regression 
coefficient ((3) 

3.94 

-0.134 
-0.302 
0.107 
-0.085 

Reference 

95°/o Confidence interval 
for (3 

Lower Upper 

0.39 7.50 

-0.415 0.148 
-0.522 -0.083 
-0.158 0.372 
-0.247 0.078 

Pvalue 

0.0451 

0.3492 
0.0072 
0.4260 
0.3073 

a Data are structured as a three-level model with ground squirrel (unit of analysis) within site within day of 
analysis 

b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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3.4 Discussion 

Ground squirrels exposed to airborne emissions from some oil and gas field 

facilities demonstrated evidence of genotoxic stress. Comet tail ratio, a measure of DNA 

strand breaks, was significantly increased in peripheral leukocytes of ground squirrels 

exposed to flaring from gas processing plants. Comet tail moment was also increased, but 

not significantly so, in the same animals. In contrast, comet tail length was not 

significantly associated with facility exposure, though tail length was slightly increased in 

association with gas flaring from small facilities (e.g. batteries). Only primary DNA 

damage was detected, as flow cytometric DNA analysis of peripheral leukocytes did not 

indicate any clastogenicity associated with facility exposure. To this author's knowledge, 

this is the first study to apply the comet assay and flow cytometric DNA analysis to 

Sciurid rodents. 

The relationship between comet tail ratio or tail moment and gas plant flaring may 

be associated with exposure to genotoxicants produced through incomplete combustion 

of flared natural gas. Flaring is used to dispose of unmarketable natural gas waste, a 

process with variable combustion efficiency due to factors such as poor flare design, 

suboptimal operating conditions, and variable composition of the fuel (Strosher 2000). In 

the few months prior to ground squirrel capture, there was a higher volume of gas flared 

from gas plants (within 8.0 km of each trap site) than from small facilities (within 1.6 

km) during the entire past year. However, the relationship between DNA strand breaks 

and flaring is also supported by slightly increased comet tail lengths in ground squirrels 

exposed to gas flaring from small facilities. Since P AHs may be produced by pyrolysis, 

emissions from the flaring of waste gas are more likely to contain P AHs than emissions 

associated with venting or leakage of raw gas. Strosher (2000) identified P AHs such as 

naphthalene, acenaphthylene, and fluorene among 100 to 150 hydrocarbons in the 

emissions from orte flare. While the causative agents of strand breaks cannot be identified 

with the comet assay, increased DNA strand breaks has been associated with exposure to 

PAHs in a number of species (Theodorakis et al. 1992, Nacci et al. 1996, Mitchelmore 

and Chipman 1998b, Silva et al. 2000a-c, Large et al. 2002). Since DNA strand breaks 

may be transient, decreasing in number once genotoxicant exposure is terminated 

(Pandrangi et al. 1995, Nacci et al. 1996, Ralph et al. 1996), ground squirrel exposure to 
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P AHs was probably a recent event. However, flaring did not have to occur recently, as 

large P AHs are environmentally persistent (International Programme on Chemical Safety 

[IPCS] 1998) and may accumulate on plant and soil surfaces in the local area. 

Ground squirrel body weight was a significant predictor of comet tail ratio and 

tail moment, and suggested that DNA damage decreased with increasing mass. Body 

weight in the adult and juvenile animals sampled is related to some extent to age, and 

previous work with small mammals has identified age as an important factor in the 

degree of DNA strand breakage detected by the comet assay (Silva et al. 2000b, Heuser 

et al. 2002). Increased genetic damage in smaller (younger) ground squirrels may be a 

reflection of differences in P AH metabolism, perhaps through either the increased 

production of DNA-reactive intermediates or their decreased clearance. In juveniles, 

higher metabolic rates combined with the particularly high energy needs of growing 

animals may also lead to relatively greater contaminant exposure (through respiration and 

feeding), and hence, increased DNA damage. Though only a small proportion of ground 

squirrels sampled for the comet assay were juveniles (5%), the relative vulnerability of 

the young is a result that rural families living near petroleum facilities may find troubling. 

Other important factors that may influence the degree of DNA strand breakage in wild 

mammals include gender (Heuser et al. 2002) as well as the ambient temperature near the 

time of sampling (Silva et al. 2000b, Heuser et al. 2002), the latter of which happened to 

vary considerably during the early spring to mid-summer study period. 

An important consideration for the comet assay is the selection of parameters to 

describe relative DNA strand breakage. While the use of computerized image analysis 

systems has vastly improved efficiency, there is no standardization regarding which 

parameters to use among the wealth of options available. Since the comet assay can 

assess the distribution of damage among cells, some authors have used a score of the 

frequency and severity of damage (Silva et al. 2000a-c, Heuser et al. 2002). More 

commonly, mean or median comet tail length (DNA migration), tail ratio (% DNA in the 

tail), and tail moment are used to assess potential damage (Fairbairn et al. 1995, Tice 

1995, Tice et al. 2000). Tail length is essentially an indication of the smallest sized DNA 

molecule capable of being detected in the sample by the imaging system (Vijayalaxmi et 

al. 1992, Fairbairn et al. 1995). With increasing exposure, tail length tends to plateau at a 
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certain point (depending on the electrophoresis conditions), while the amount of DNA in 

the tail (i.e. intensity) can continue to increase (Fairbairn et al. 1995, Collins et al. 1997). 

Tail moment is considered by some authors to be one of the better parameters because it 

considers both the distance of DNA migration (fragment size) as well as the amount 

(staining intensity) of damaged material (Olive et al. 1990, Fairbairn et al. 1995, Hellman 

et al. 1995). Others (e.g. Mitchelmore and Chipman 1998a) prefer using tail ratio because 

DNA migration may be hindered by gel conditions (Fairbairn et al. 1995). In the present 

study, tail ratio and tail moment were highly correlated, and the significance of their 

associations with facility exposure suggests that the amount of DNA in the comet tail was 

a more sensitive measure of exposure than the distance migrated. Tail length may have 

been less useful because it displayed the greatest interindividual variability. Large 

interindividual variability in the amount of DNA strand breaks has been noted by some 

authors (Nacci et al. 1996, Theodorakis et al. 2000, Festa et al. 2003), possibly resulting 

from differences in susceptibility, repair efficiency, or metabolic status, which may mask 

assay results. Interestingly, some argue that increased variability is in itself an effect of 

contaminant exposure (Theodorakis et al. 2000). 

Induction of DNA strand breaks is not an intrinsically adverse event as strand 

breaks arise during normal cellular activities and may yet be repaired (Shugart et al. 

1992). However, increased DNA strand breaks from contaminant exposure suggests that 

the balance between the induction and repair of damage has been adversely altered, 

leading some authors to propose treating DNA damage as a biomarker of effect, rather 

than just exposure (Theodorakis et al. 2000). The strand breaks detected under the 

alkaline conditions of the comet assay not only result from direct attack (e.g. by reactive 

oxygen species) on the DNA backbone, but also from base modifications such as 

contaminant-DNA adducts which may give rise to mutagenic lesions. Increased PAR

DNA adducts in a variety of species has been well correlated with exposure to PAH 

contamination (e.g. Shugart 1990, Stein et al. 1990, Theodorakis et al. 1992, Walsh et al. 

1995), and there is convincing evidence for an association between some DNA adducts, 

mutation and the carcinogenic process (Nestmann et al. 1996). In future studies, greater 

understanding of the genotoxic effect of airborne contaminants from the petroleum 

industry could be obtained by measuring both adducts and strand breaks in blood cell 
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DNA. 

Whether increased DNA damage in white blood cells has any immediate effects 

on health is difficult to speculate. Immune function (e.g. antibody production, clonal 

proliferation) may be compromised, and increased white blood cell production may be 

required to replace dysfunctional cells. Of greater concern, is that DNA damage (i.e. 

DNA adducts and strand breaks) in blood cells has been related to similar damage in 

other tissues in the same individuals (Theodorakis et al. I992). Blood seems to respond to 

genotoxicants more quickly and with greater magnitude than other organs such as the 

liver (Theodorakis et al. I992, Sugg et al. I995, Silva et al. 2000a). Thus, evidence of 

genotoxicity in the blood may serve as an early warning sign and marker of damage in 

other tissues, such as germ cells, where the consequences may be more severe. A recent 

review found that the comet assay has, in fact, a high sensitivity for detecting carcinogens 

(Anderson et al. I998). In light of perceived increases in cancer and reproductive 

problems in farm families in the oil patch (Nikiforuk 200 I), evidence for increased DNA 

damage in ground squirrels exposed to petroleum industry emissions warrants further 

investigation. 

In contrast to evidence of primary DNA damage in leukocytes of ground squirrels 

exposed to gas flaring, there was no evidence of structural or numerical chromosomal 

aberrations as neither the DNA CV nor HPCV was related to petroleum facility exposure. 

Ground squirrel leukocytes had a mean CV of 5 .I%, only slightly higher than has been 

reported in other mammals such as sea otters ( 4.8%, Bickham et al. I998) and Sprague

Dawley rats (3.9%, Bickham et al. I994). The ground squirrel mean HPCV, at 3.9o/o, was 

slightly lower than the CV. The HPCV may be a more discriminating parameter as it 

excludes any "noise" that may exist around the base of the histogram. In genotoxicity 

studies, both the CV (Bickham et al. I988, George et al. I99I, Bickham et al. 1992 & 

1994, Custer et al. 1994, Lamb et al. I995, Bickham et al. I998) and HPCV (Lowcock et 

al. 1997, Wickliffe and Bickham I998, Custer et al. 2000, Theodorakis et al. 2000, 

Wickliffe et al. 2000) are routinely used. 

Among the contaminants that may be found in airborne emissions from the 

petroleum industry, PAHs in particular are known to cause chromosomal breakage 

(Matsuoka et al. 1982, Djomo et al. 1995). Exposure to petroleum hydrocarbons has been 
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associated with increased variation in DNA content in a number of wildlife species 

(McBee and Bickham 1988, Custer et al. 1994, Bickham et al. 1998, Custer et al. 2000). 

Other possible clastogens in the emissions include benzene (IPCS 1993, Agency for 

Toxic Substances and Disease Registry [ATSDR] 1997), n-hexane (Egeli et al. 2000), 

and sulfur dioxide (Meng and Zhang 2002). In the present study, a lack of association 

between facility exposure and DNA CV may be due to the fact that chromosomal 

damage, a result of double-, rather than single-strand breaks, may arise from different 

processes and/or genotoxicants. Genotoxic agents are also thought to produce orders of 

magnitude more single-strand breaks (and/or alkaline labile sites) than double-strand 

breaks (Tice et al. 2000). Another influential factor may have been that the level of 

exposure to P AHs (or other clastogens) in the emissions as experienced by these ground 

squirrels may have been insufficient to induce chromosomal damage, at least at a level 

detectable by flow cytometry. The initial damage from an earlier insult may have been 

readily repaired, or if the damage was lethal, then the affected cells may have simply 

been removed from the population. Future studies should involve more "high exposure" 

sites in order to broaden the range of potential exposure. Furthermore, measuring cell 

cycle disruption in hematopoietic tissues (Lamb et al. 1995, Wickliffe et al. 2000), as 

evidence of compensatory cell proliferation, would be informative to assess whether 

DNA damage is having cytotoxic effects on peripheral leukocytes. 

An association between facility exposure and clastogenic damage may have been 

masked if there was another factor (e.g. an unknown source of clastogens) present, 

unaccounted for in the analysis, which was influencing DNA content in ground squirrel 

leukocytes. For example, since airborne emissions from petroleum field facilities are not 

the only sources ofPAHs in the environment (as described previously), the actual 

exposure conditions may have been different than predicted by industry association 

alone. Alternatively, it is possible that recovery from a previous clastogenic insult 

(Bickham et al. 1994) or an adaptive response to long-term exposure (Wickliffe and 

Bickham 1998) may be driving down variation in DNA content. In addition, there may 

have been the exchange of individuals between contaminated and more natural 

environments, with the more contaminated environments possibly acting as ecological 

sinks due to toxicological or other threats. Immigration of individuals from cleaner sites 
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might conceal the effects of genotoxicants on residents by increasing within-population 

variation (Theodorakis et al. 2001 ). 

When conducting flow cytometric DNA analysis, smaller baseline CV s are ideal 

because they increase the resolution. However, the CV of DNA content may be 

artificially influenced by certain factors in the experimental procedure. Common sources 

of error that can affect the CV include sample handling procedures and problems with 

instrumentation. The effect of small differences in day-to-day instrument operation on 

CV are of greater concern than within-day variation (Fisher et al. 1994). Accordingly, 

day of analysis was considered an important factor in statistical model building, and 

during the experiment every effort was made to regularly monitor laser alignment with 

fluorosphere beads and to keep flow rates below 200 events/second. Blood is considered 

one of the best tissues for flow cytometric DNA analysis (Bickham et al. 1994, Custer et 

al. 1994, Lamb et al. 1995, Bickham et al. 1998) as tissues with relatively rapid rates of 

cell proliferation are thought to be more sensitive to clastogen exposure. Compared to 

hematopoietic tissues such as the bone marrow and spleen, blood also has the advantage 

of being relatively homogenous (i.e. narrow background CV, Bickham et al. 1992), more 

accessible, and nonlethal to acquire. Since fragments of other tissues present in the 

sample may broaden the CV (Tiersch and Wachtel1993), withdrawing the ground 

squirrel blood directly from the same vessel each time helped to achieve greater 

consistency. 

In the grasslands of western Canada, Richardson's ground squirrels are a 

promising model for monitoring primary DNA damage from exposure to petroleum 

hydrocarbons in the environment, but, given the lack of evidence for chromosomal 

damage, additional work is required to ensure the animals' utility under a variety of 

conditions. Future studies in the area might consider applying flow cytometric DNA 

analysis to a different model species. Studies have suggested that variation in DNA 

content increases with age in animals exposed to genotoxicants in the environment 

(Bickham et al. 1988, Lowcock et al. 1997), as cell populations in the body gradually 

accumulate mutations. Most Richardson's ground squirrels are of yearling age, since 

males usually live one year and few females (around 13%) live more than three years 

(Michener 1989). Therefore, a more long-lived species may be a better model for 
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monitoring the effects of long-term exposure to clastogens. In addition, it has been shown 

that some wild rodents are more sensitive to genotoxicants than others (Bickham et al. 

1990), so that a more sensitive model (with a lower baseline CV) than ground squirrels 

may exist. Given the potential health risks of poor air quality to prairie communities, 

further research in this area is highly recommended. 

3.5 Conclusions 

In apparently healthy populations, genotoxicity testing can reveal hidden effects 

that provide more conservative estimates of risk. Ground squirrels exposed to flaring 

from gas plants had increased primary DNA damage (strand breaks) in peripheral 

leukocytes, suggesting increased genotoxic stress, which was probably associated with 

exposure to hydrocarbon contaminants such as PAHs. This damage may, if uncorrected, 

lead to malignancy, or compromise fertility and reproduction. However, chromosomal 

damage measured by flow cytometry was not associated with exposure to petroleum field 

facilities, suggesting an absence of clastogenic effects. The different biomarker responses 

highlight the value of measuring genotoxicity with more than one method to assess 

exposure to toxicant mixtures, particularly in wildlife where responses are less well 

characterized. In addition, despite the lack of a cancer epidemic determined by 

epidemiological studies of exposed human populations (Schecter et al. 1989, Spitzer et al. 

1989), evidence of DNA alterations in ground squirrels suggests that further 

investigations of the effects of exposure to petroleum industry emissions are a necessary 

prerequisite for protecting the health of rural peoples. In western Canada, ground 

squirrels appear to be a suitable model for monitoring potential genotoxic effects of 

petroleum hydrocarbons in situ. 
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CHAPTER4 

HISTOPATHOLOGY, BODY CONDITION, AND LEUKOCYTE COUNTS IN 

GROUND SQUIRRELS EXPOSED TO AIRBORNE EMISSIONS 

FROM PETROLEUM FIELD FACILITIES 

Abstract 

In the western Canadian oil patch, petroleum extraction and processing facilities 

release complex mixtures of hydrocarbons into the atmosphere. The potential health risks 

of these toxic contaminants to humans or wildlife living in proximity to emission sources 

are largely unknown. The present study was intended to address this knowledge gap by 

evaluating the general health status of a model species. Ground squirrels (Spermophilus 

richardsonii) were live-trapped at 21 sites in Alberta and Saskatchewan ranging in 

proximity to petroleum facilities. A mixed linear model (or a mixed model for discrete 

histopathology outcomes) was used to assess whether the number of facilities (i.e. 

emission sources) and the total volumes of gases flared or vented within a defined radius 

of the trap locations were related to the occurrence of histopathological lesions in 

selected organs, changes in body condition, or changes in circulating white blood cell 

(leukocyte) counts. The incidence of liver lesions was significantly increased in ground 

squirrels exposed to flaring from gas plants (P = 0.01 09). Body condition was unrelated 

to petroleum facility exposure. Among the blood cell counts, only total leukocyte counts 

and lymphocyte counts were related to facility exposure, with both outcomes being 

increased with exposure to large facilities (P < 0.0060 and P < 0.0096, respectively). 

These results suggest that airborne emissions from gas processing plants and gas 

gathering systems may compromise the function of the liver and impact the hematologic 

and immune systems. Further investigations are recommended to better understand 

potential health risks to rural communities and wildlife. 

4.1 Introduction 

For almost 50 years, rural communities in the oil-producing regions of western 
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Canada have been concerned that airborne emissions from petroleum extraction and 

processing facilities may be adversely affecting human and environmental health. 

Through processes such as flaring (controlled burning), venting (direct release), and 

accidental spills and leakage, a wide range of contaminants are released into the 

atmosphere, including various volatile organic compounds (VOCs) and polycyclic 

aromatic hydrocarbons (PAHs), as well as soot and ash (Strosher 2000). Hydrogen 

sulfide, sulfur dioxide, and other sulfur compounds may also be produced in association 

with sour gas (Strosher 2000). Stakeholders are worried that the proximity of facilities 

such as wells, batteries, gas processing plants, and gas gathering systems to parklands and 

farming communities is linked with perceived increases in adverse air quality-related 

health effects, such as respiratory disease, cancer, and reproductive problems (Nikiforuk 

2001 ). Despite several epidemiological studies of human populations (Dales et al. 1989, 

Schecter et al. 1989, Spitzer et al. 1989, Schecter et al. 1990) and more recent studies in 

cattle (Waldner et al. 2001a,b, Scott et al. 2003a-c), it is unknown whether terrestrial 

organisms living nearby are at risk of adverse health effects. 

When dealing with exposure to complex mixtures of pollutants in the natural 

environment, direct and indirect toxic effects in wild species are difficult to predict. 

Therefore, it is useful in ecotoxicology studies to evaluate a suite of parameters that may 

collectively provide an indication of the overall condition of the animal. 

Histopathological examination of tissues is routinely used to identify toxicant-induced 

damage that manifests as anatomical changes at the cellular level. Pathological changes 

may arise, in part, from damage to cellular DNA, eventually resulting in tumours and 

disease (Shugart et al. 2003). For example, hepatic lesions in bottom-feeding fish 

(English sole, Parophrys vetulus) have been associated with exposure to genotoxicants in 

the environment in Puget Sound, Washington (Moore and Myers 1994). Both sediment 

levels of P AHs and P AH metabolites in fish bile were correlated with the prevalence of 

liver lesions, including neoplasms, foci of cellular alteration, and megalocytic hepatosis 

(e.g. Krahn et al. 1984, Malins et al. 1984, Krahn et al. 1986, Myers et al. 1987). While 

studies with wild rodents support the general observation that biochemical or 

physiological injury may precede histopathological changes (Elangbam et al. 1989b, 

Silva et al. 2000a), the advantage of investigating the latter is that many tissue types can 
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be screened for toxic effects in order to focus future studies of complex mixtures. 

Another parameter commonly used to assess general health status in wildlife is body 

condition, or the relative size of energy stores compared with structural components of 

the body. Body condition may be described by a simple ratio between body weight and a 

linear measure of body size (e.g. Jakob et al. 1996), with the idea that animals with more 

fat stores are more ecologically fit. Decreased body condition is often associated with 

chronic toxicosis, such as lead poisoning from ingestion of shot in waterfowl (Mateo et 

al. 1998). A third method used to assess the general health of wildlife exposed to 

environmental contaminants, particularly where immunotoxic effects are suspected, is 

hematology. Contaminants associated with the oil and gas industry, such as benzene and 

PAHs, may have immunosuppressant effects (Agency for Toxic Substances and Disease 

Registry [ATSDR] 1989, International Programme on Chemical Safety [IPCS] 1993, 

Burns-Naas et al. 2001), and studies have documented changes in circulating white blood 

cell (leukocyte) counts in cotton rats exposed to soil contaminated with petrochemicals 

(McMurry et al. 1999, Wilson et al. 2003). Since all the above methods assess 

nonspecific responses, they are valuable as part of a battery of biomarkers in a weight-of

evidence approach to evaluate exposure to toxic compounds. 

The objectives of this study were to assess whether chronic exposure to airborne 

emissions from petroleum production and processing facilities is associated with 1) 

toxicopathological injury, 2) decreased body condition, and/or 3) changes in leukocyte 

counts in a small mammal, Richardson's ground squirrel (Spermophilus richardsonii). 

These native, primarily herbivorous rodents (Rodentia: Sciuridae) were selected as a 

model species because they are widely distributed throughout the study area, have small 

home ranges, are amenable to capture and sampling, and provide a good comparison with 

conventional laboratory species. Exposure to hydrocarbon contaminants was evaluated on 

the basis of proximity to emission sources, and the volume of gas flared or vented (as 

reported to government regulators). The data from this study will help to determine the 

environmental impact of the oil and gas industry in western Canada, and assist in 

identifying sensitive biomarkers of potential toxicity, for the protection of wildlife, 

livestock, and human health. 
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4.2 Materials and Methods 

4.2.1 Sample Collection and Evaluation 

Between May 11th and July 4th 2002, 200 Richardson's ground squirrels 

(Spermophilus richardsonii) were captured at 21 sites in south-central Alberta and 

Saskatchewan (49°N to 53°N, 104°W to 114°W), Canada (Figure 2-1, p. 29). Study sites 

were selected within the distribution of S. richardsonii based on proximity to oil and gas 

field facilities, in order to represent a range of probable exposure to airborne emissions 

from these sources. As much as possible, sites were chosen in geographically and 

ecologically homogenous zones. 

Ground squirrels were captured in live traps (Tomahawk Live Trap Co., 

Tomahawk, WI, USA) that were baited with a mixture of peanut butter and oats and 

placed at burrow entrances. Upon retrieval, each trap location was determined with a 

Global Positioning System (GPS) receiver (eTrex Summit, Garmin International, Olathe, 

KS, USA). Captured ground squirrels were anesthetized on-site with halothane gas (MTC 

Pharmaceuticals, Cambridge, ON, Canada), followed by intraperitoneal injection of a 

mixture of 90 mg/ml ketamine (Vetrepharm Canada Inc., Belleville, ON, Canada) and 2 

mg/ml xylazine (Bayer Inc., Toronto, ON, Canada). The ketamine/xylazine combination 

was given to effect, with the average dose required to induce anesthesia being about 710 

and 16 mg/kg, respectively. Body weight was measured using a spring scale (Pesola AG, 

Baar, Switzerland), and body length was measured from the nose to the base of the tail 

with the animal lying on its back. 

Using a heparinized syringe, blood was collected from the caudal vena cava into 

heparinized Vacutainer® tubes and stored on ice. After blood collection, ground squirrels 

were euthanized by exsanguination while anesthetized. The heart, spleen, kidneys, and 

gonads and portions of the lung, liver, and stomach (sampled consistently from the same 

lobe or region of the organ) were immediately excised and fixed in 10% neutral buffered 

formalin. For each organ, one whole cross-section from the middle of the fixed sample 

was embedded, sectioned, and stained with hematoxylin and eosin for routine 

histopathologic evaluation. Except where noted, all reagents and laboratory disposables 

were purchased from either VWR International (Mississauga, ON, Canada) or Sigma

Aldrich Canada Ltd. (Oakville, ON, Canada). The use of animals in this research was 
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approved by the University of Saskatchewan Committee on Animal Care and Supply, and 

was in accordance with guidelines established by the Canadian Council on Animal Care. 

Within six hours of blood collection, total white blood cell (WBC) counts were 

determined manually using a hemacytometer (Hausser Scientific, Horsham, P A, USA). 

White blood cells in 300 J.!l of whole blood were isolated by lysis of erythrocytes in 1200 

J.!l ofTris-ammonium chloride (0.01 M Tris, 0.16 M NH4Cl, pH 7.2; Davis 1995) in a 

microcentrifuge tube. After lysis, the suspension was centrifuged at 223 g for 4 minutes 

(Model V Microcentrifuge, VWR International), and the pelleted cells were washed twice 

with 1 ml of phosphate-buffered saline (PBS; 0.14 M NaCl, 3 mM KCl, 8 mM Na2HP04, 

1 mM KH2P04, pH 7.2) and resuspended in 1 ml of PBS. Blood smears were prepared 

from whole blood, air-dried, and stained with Wright-Giemsa stain according to the 

manufacturer's directions. Differential WBC counts were estimated from 100 consecutive 

cells. Potential histopathological changes in the seven organs were evaluated in a 

subsample of adult female animals (N=58) by a veterinary pathologist. Given the liver's 

important metabolic role and relatively higher potential for toxic damage, liver sections 

from 78 (rather than 58) animals were examined. The subsample chosen for 

histopathological evaluation included ground squirrels from six study sites (or eight sites 

for the liver) considered to be most highly exposed to petroleum industry emissions, as 

well as animals from six sites (or eight sites for the liver) classified as unexposed. The 

scoring system was based on the presence/absence of 12 predetermined lesion types 

considered to be the most common (Jones et al. 1997; Table 4-1). For each animal, one 

slide per organ was examined, and the number of different lesion types were summed to 

develop a total organ score. Differential WBC counts and histopathological evaluation 

were both performed without knowledge of treatment groups. 

4.2.2 Exposure Assessment 

Exposure was assessed by linking trap locations with petroleum industry records 

obtained from the Alberta Energy and Utilities Board and Saskatchewan Energy and 

Mines, the respective provincial regulatory agencies. Using Arc View (v.3.2, ESRI 

Business Information Solutions, Redlands, CA, USA) Geographic Information System 

(GIS) software, trap site coordinates were plotted on a map detailing the locations of 

local petroleum facilities known to the provincial regulatory agencies. The types of 
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Table 4-1. Types of lesions that were considered in the histopathological evaluation of 
tissues collected from ground squirrels. 

Lesion Classification 
Anomalous 
Autolysis 

Degeneration 
Disseminated intravascular coagulation 

Fibrosis 
Hemorrhage 

106 

Infectious agent 
Inflammation 
Lympholysis 

Necrosis 
Neoplasia 

Proliferative 



facilities considered were oil and gas wells, small facilities (oil and gas batteries), and 

large facilities (gas processing plants and gas gathering systems). 

Facility counts were determined by counting the number of wells or batteries 

within 1.6 km (1 mile) of the trap site (Waldner et al. 2001a), or the number of large 

facilities within 8.0 km (5 miles) of the trap site (to account for the higher flare stacks). 

Flaring and venting volumes (to the nearest 0.1 x 103 m3
, adjusted to 101.325 kPa and 

15°C), including the location discharged, were obtained from monthly disposition reports 

submitted by operators of oil and gas production and processing facilities. For each 

ground squirrel trap location, total monthly flaring and/or venting volumes for both small 

and large facilities (located within the defined radii) were summed over time to describe 

cumulative exposure. Exposure of juvenile animals included data from April 2002 

(approximate emergence from hibernation) to the month when captured (May, June or 

July), while exposure of adults was calculated for both "lifetime" (April 2001 to the 

month captured) and "recent" (since April2002) time frames. In addition to continuous 

exposure estimates, categorical measures of exposure were derived on an 

absence/presence basis, and for certain variables, on an absence/low/high basis where 

classification into three categories appeared appropriate. 

4.2.3 Statistical Analysis 

Descriptive statistics for all covariables, exposure variables, and outcomes were 

compiled using SPSS® (v.12.0, SPSS Inc., Chicago, IL, USA). Biologically or 

environmentally relevant covariables considered included gender, age (adult or juvenile), 

ecoregion, and precipitation. Ecoregion was defined as a "subdivision of an ecoprovince 

characterized by distinctive regional ecological factors, including climate, physiography, 

vegetation, soil, water and fauna" (Marshall and Schut 1999). Precipitation data (percent 

of average precipitation in agricultural areas) over the 2002 growing season (April 1 to 

August 23) were obtained from the Prairie Farm Rehabilitation Administration's Drought 

Watch program (Agriculture and Agri-Food Canada). Body weight, body length, and size 

ratio (body weight/body length, a measure of body condition) were also considered as 

covariables for histopathology outcomes and WBC counts only. Numbers of white blood 

cells were log-transformed to attain normality. 
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The associations between exposure and discrete histopathology outcomes were 

analyzed using a mixed model (MLwiN v.1.1, University of London, UK). Calculations 

were performed using second-order penalized quasi-likelihood estimates using the 

restricted generalized iterative least-squares procedure. Because of the small number of 

cases, occasionally the analysis would not converge and generalized estimating equations 

were used as a second line approach (PROC GENMOD, SAS® v.8.2 for Windows, SAS 

Institute, Cary, NC, USA). Histopathology outcomes tested were lesion counts for the 

liver, lung, kidney, and heart. The associations between exposure and body condition or 

WBC outcomes were analyzed with SAS using a mixed linear model (PROC MIXED). 

The body condition outcomes tested were body weight and size ratio, and the WBC 

outcomes tested were the total WBC count and the numbers of neutrophils (heterophils ), 

lymphocytes, and monocytes. In both MLwiN and SAS, site was included either as a 

random or repeated effect as appropriate to account for potential clustering of the 

observations at individual farm locations. For the histopathology data, ecoregion was also 

tested as a random effect and included in the final model as a level only if the effect had 

p < 0.10. 

Model building began with a univariate analysis to screen exposure variables and 

co variables for the strength of their association with each outcome, with only those 

approaching P < 0.25 considered for inclusion in the final model. Subsequently, 

predictors that survived screening were evaluated together using a manual stepwise 

backwards elimination strategy. Correlation among exposure variables (Spearman's p > 

0.7) was considered at each step of model building to minimize the problem of 

multicollinearity, and "lifetime" and "recent" exposure periods were tested separately, as 

were continuous and categorical measures of exposure. A Bonferroni correction adjusted 

for experiment-wise error rate (based on the number of hypotheses) was used in 

developing the final models for the histopathology outcomes and WBC counts to 

minimize potential for type I error associated with the multiple outcomes examined. 

Therefore, only the exposure variables remaining in the final multivariate model at P < 

0.05 for body condition outcomes, and P < 0.0125 for histopathology and WBC counts, 

are reported. Covariables acting as important confounders (removal of the covariate from 

the model changed the effect estimate by more than 1 0%) were retained in the model. 
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Biologically reasonable first order interaction terms between the covariables and 

exposure parameters were tested for inclusion in the final model. Lastly, the distribution 

of residuals was examined using box plots, normal Q-Q plots, and plots of residuals 

against predicted values to look for extreme outliers and to ensure that the assumptions of 

normality and homoscedasticity had been met. 

4.3 Results 

Ground squirrels captured during their summer activity period ranged in weight 

from 80-625 g, with a mean(± SD) of377.3 ± 82.93 g (Table 2-1, p. 37), and were 

predominantly (80.5%) adult females (Table 2-2, p. 37). Most sites (20 out of21) were 

located in the prairies ecozone, including the aspen parkland and various grassland 

ecoregions, though ground squirrels were also captured where arable agricultural land 

extends into the fringes of the boreal plains ecozone (boreal transition and western 

Alberta upland ecoregions, Table 2-2). Drought conditions in previous years carried over 

into the summer of 2002, with water shortages stunting pasture growth in large regions of 

central Alberta and west central Saskatchewan. In total, 14 out of 21 sites received less 

precipitation than their historical average (Table 2-2). 

Ground squirrels varied in their exposure to airborne emissions from oil and gas 

field facilities (Tables 2-3, p. 38, and 2-4, p. 39). Of the 200 animals, fifty-six 

(representing 8 sites) were classified as unexposed to industry-related emissions on all 

counts, including all the animals from Saskatchewan. Exposure to total flared gases was 

greatest from the gas processing plants. In general, the exposure values were skewed 

towards the low end of the observed range, with only the presence of wells describing 

exposure of more than half of the subjects. Among the categorical exposure variables, the 

descriptive statistics for gas venting from small facilities and gas plant flaring were 

identical for their recent and lifetime time periods when assessed on an absence/presence 

basis. A summary of the exposure parameters pertaining to the subset (N=58 or 78) of 

ground squirrels selected for histopathological evaluation is presented in Table 4-2. 

Correlation among exposure variables (Tables 2-5 to 2-8, p. 40-43, and Table 4-3) 

was a crucial consideration in model building. In general, exposure to emissions from 

small field facilities was not strongly related to exposure to large field facilities. 
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Histopathological lesions were detected in the liver, lung, kidney and heart of the 

adult female ground squirrels examined (Table 4-4 ), but not the stomach, spleen, or 

ovary. Nine of the 58 animals (and a further eight animals where only the liver was 

examined) presented no abnormal findings whatsoever. Of the twelve lesion types 

evaluated, no lesions were found that could be classified as autolysis, disseminated 

intravascular coagulation, lympholysis, neoplasia, or generally anomalous. The most 

common lesion types were inflammation and degeneration. Signs of infectious agents 

observed in some livers and lungs included fungal spores and eggs of nematode parasites. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and liver lesions are presented in Tables 4-5 and 4-6. In the final model (Table 

4-7), the number of lesion types in ground squirrel livers was significantly increased in 

the presence (recent and lifetime) of flaring from gas plants (IR 2.06, 95% CI 1.18- 3.61, 

P = 0.0109), with body weight as a covariable. There was some instability in the residuals 

that could not be corrected by log transformation. No interaction terms were retained in 

the model. The frequency of liver lesions according to exposure to flaring and ground 

squirrel body weight is illustrated in Table 4-8. Summaries of the univariate comparisons 

for the remaining tissues are presented in Tables 4-9 and 4-10 for the lung, and in Tables 

4-11 to 4-12 and 4-13 to 4-14 for the kidney and heart, respectively. Lesion counts in the 

lung, kidney, and heart were unrelated to exposure to petroleum field facilities, and no 

covariables remained in the final models. For all tissues, exposure variables with 

absence/low/high categories were also tested, but the results (not shown) did not add 

anything to the interpretation of the data, and therefore those variables were not further 

considered in model building. Ecoregion was not a significant random effect for any of 

the tissue outcomes. 

Body condition outcomes are summarized according to age and gender in Tables 

4-15 and 4-16. In both adult and juvenile age groups, male ground squirrels had a greater 

mean body weight and size ratio than females. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and body weight are presented in Tables 4-17 and 4-18. The final model 

(Table 4-19) contained only the covariables age and gender as significant predictors. For 

size ratio, summaries of the univariate comparisons are presented in Tables 4-20 and 4-
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21. The final model (Table 4-22) for size ratio contained the covariables age and gender 

as well. Both body weight and size ratio were unrelated to facility exposure. Exposure 

variables with absence/low/high categories were also tested, but the results (not shown) 

did not add anything to the interpretation of the data, and therefore those variables were 

not further considered in model building. 

Total and differential WBC counts are summarized in Table 4-23, and compared 

to values reported for other Sciurid rodents in Table 4-24. In the present study, 

Richardson's ground squirrels had a mean total WBC count of 1.8 ± 1.23x109 cells/L, 

with neutrophils (55.1 ± 19.0 %) and lymphocytes (36.4 ± 16.8 %) being the most 

abundant cell types. Some large lymphocytes were indistinguishable from monocytes, 

and therefore an "unclassified agranulocyte" category was added. The high proportion of 

neutrophils in the ground squirrel blood was consistent with findings in other Sciurids. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log total WBC count are presented in Tables 4-25 to 4-27. Results of 

univariate testing with exposure variables consisting of absence/low/high categories are 

reported (Table 4-26) since those variables were better predictors of log total WBCs than 

other equivalent categorical or continuous measures of exposure. Final models for log 

total WBCs are presented in Tables 4-28 and 4-29. Log total WBC counts in ground 

squirrels were significantly increased with exposure to flaring from gas plants (on either a 

"recent" or "lifetime" basis) when the presence of gas gathering systems was also 

considered. In both models, precipitation was a significant covariable. No interaction 

terms were retained in any of the final models. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log neutrophil counts are presented in Tables 4-30 and 4-31. Exposure 

variables with absence/low/high categories were also tested, but the results (not shown) 

did not add anything to the interpretation of the data, and therefore those variables were 

not further considered in model building. Among the covariables, body weight, length, 

and size ratio, as well as age, were useful predictors, though only body length (the most 

significant descriptor of size) and age were used in model building. In the end, only body 

length (p 0.005, 95o/o CI 0.003-0.007, P < 0.0001) and age (p 0.178, 95o/o CI 0.030-

0.326, P = 0.0 188) remained in the final models (Tables 32 and 33), though the 
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association between log neutrophil count and the presence of gas gathering systems (with 

age as a covariable) was ofborderline significance(~ 0.158, 95% CI 0.016-0.301, P = 

0.0291). 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log lymphocyte counts are presented in Tables 4-34 and 4-35. Exposure 

variables with absence/low/high categories were also tested, but the results (not shown) 

did not add anything to the interpretation of the data, and therefore those variables were 

not further considered in model building. In the final models (Tables 4-36 and 4-37), log 

lymphocyte counts in ground squirrels were also related to large facilities, with age as a 

covariable in the models. Log lymphocyte counts increased with increasing numbers of 

gas plants when exposure was considered on either a continuous (~ 0.085, 95% CI 0.022 

-0.148, P = 0.0087) or a categorical basis(~ 0.140, 95% CI 0.034-0.245, P = 0.0096, 

Figure 4-2). No interaction terms were retained in any of the final models. 

Summaries of the univariate comparisons between each exposure variable or 

covariable and log monocyte counts are presented in Tables 4-38 to 4-39. Exposure 

variables with absence/low/high categories were also tested, but the results (not shown) 

did not add anything to the interpretation of the data, and therefore those variables were 

not further considered in model building. Log monocyte counts were not associated with 

any exposure variables or covariables. 
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Table 4-2. Descriptive summary of continuous exposure variables describing ground 
squirrel proximity to oil and gas emission sources and volumes of flared and 
vented gas. Data are presented separately for the groups of 78 and 58 ground 
squirrels whose organs were examined for histopathological lesions. 
Exposure was summed over different time periods in 2001-2002. 

Percentiles 
Mean SD Median 25th 75th 95th 

Liver (N=78} 
Number of wells a 8.8 17.72 2 0 9 71 
Small facilitiesa 
Gas flared over lifetimeb ( 103 m3) 187.1 647.01 0 0 1.1 2632.7 
Gas flared recentlyc ( 103 m3) 38.6 139.80 0 0 0 568.4 
Gas vented over lifetime ( 103 m3) 10.8 37.86 0 0 0 153.9 
Gas vented recently ( 103 m3) 1.5 5.01 0 0 0 20.2 
Number of batteries 0.6 1.19 0 0 1 4 
Large facilitiesd 
Gas plant flaring over lifetime (103m3) 409.1 1024.63 0 0 3.5 3058.7 
Recent gas plant flaring ( 103 m3) 107.1 278.54 0 0 0.7 828.7 
Number of gas plants 0.6 0.81 0 0 1 2 
Gas gathering system flaring over 

lifetime ( 103 m3) 13.5 27.93 0 0 0 71.7 
Recent gas gathering system flaring 

(103m3) 0.5 1.87 0 0 0 7.6 
Number of gas gathering systems 1.4 2.19 0 0 2 8 
Lung, Kidne~, and Heart {N=58} 
Number of wells 9.7 20.26 2 0 9 71 
Small facilities 
Gas flared over lifetime ( 103 m3) 248.1 742.05 0 0 0 2632.7 
Gas flared recently ( 1 03 m3) 49.0 160.93 0 0 0 568.4 
Gas vented over lifetime ( 103 m3) 13.3 43.57 0 0 0 153.9 
Gas vented recently ( 103 m3) 1.7 5.72 0 0 0 20.2 
Number of batteries 0.4 0.88 0 0 0 3 
Large facilitiesd 
Gas plant flaring over lifetime ( 103 m3) 286.5 862.02 0 0 3.5 3058.7 
Recent gas plant flaring ( 103 m3) 72.6 234.30 0 0 0.7 828.7 
Number of gas plants 0.6 0.79 0 0 1 2 
Gas gathering system flaring over 

lifetime (103 m3) 12.0 26.58 0 0 0 70.3 
Recent gas gathering system flaring 

(103m3) . 0.7 2.15 0 0 0 7.6 
Number of gas gatherins systems 1.4 2.35 0 0 2 8 
a Within a 1.6 km radius of the trap site 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 
c "Recently" for both adults and juveniles was from April 2002 to the month captured 
d Within an 8.0 km radius of the trap site 
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Table 4-3. Correlation (Spearman's coefficient, p) among categorical (absence/low/high) exposure variables: flaring or venting and facility 
counts (N=200). Asterisk denotes correlation is significant at 0.05 (2-tailed). 

Small facilities Large facilities 

Presence of Presence of Presence of gas Presence of Presence of 
Presence of Presence of 

wells 
gas flaring in gas venting 

batteries 
plant flaring in recent gas plant gas gathering 

Presence of well sa 
Small facilitiesa 
Presence of gas flaring in 

lifetimeb 
Presence of gas venting in 

lifetime 
Presence of batteries 
Large facilitiesc 
Presence of gas plant flaring 

1.000 

0.478* 

0.449* 
0.502* 

lifetime 

0.478* 

1.000 

0.621 * 
0.887* 

in lifetime 

0.449* 

0.621 * 

1.000 
0.595* 

0.502* 

0.887* 

0.595* 
1.000 

lifetime flaring 

0.320* 0.320* 

-0.072 -0.077 

-0.200* -0.200* 
-0.134 -0.139* 

in lifetime 0.320* -0.072 -0.200* -0.134 1.000 0.997* 
Presence of recent gas plant 

flaring 0.320* -0.077 -0.200* -0.139* 0.997* 1.000 
Presence of gas gathering 

systems 0.311 * 0.295* 0.006 0.404* -0.103 -0.112 
a Within a 1.6 km radius of the trap site 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 to the month captured 
c Within an 8.0 km radius of the trap site 

systems 

0.311 * 

0.295* 

0.006 
0.404* 

-0.103 

-0.112 

1.000 



Table 4-4. Frequency of different lesion types in the organs of adult female ground 
squirrels captured in Alberta and Saskatchewan. Data are the proportion of 
total animals for each lesion type. There were no abnormal findings in the 
stomach, spleen, or ovary. 

Lesion type Liver Lung Kidney Heart 
N=78 N=58 N=58 N=58 

Degeneration 16 (0.21) 4 (0.07) 2 (0.03) 9 (0.16) 
Fibrosis 1 (0.01) 0 4 (0.07) 0 
Hemorrhage 4 (0.05) 4 (0.07) 0 3 (0.05) 
Infectious agent 2 (0.03) 11 (0.19) 0 0 
Inflammation 26 (0.33) 20 (0.34) 11 (0.19) 3 (0.05) 
Necrosis 3 (0.04) 0 0 0 
Proliferative 0 1 (0.02) 0 0 
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Table 4-5. Summary of univariate comparisons between each exposure variable and the 
number of lesion types in ground squirrel livers (N=78). a 

95°/o Confidence 
interval for IR 

Incidence Rate Lower Upper Pvalue 
Ratio {IR} 

Continuous variables 
Number of wells6 0.993 0.974 l.OI3 0.486 
Small facilitiesb 
Gas flared over lifetimec (I 03 m3

) I.OOO I.OOO 1.000 0.057 
Gas flared recentlyd (I 03 m3

) l.OOI 0.999 1.003 0.044 
Gas vented over lifetime (I 03 m3

) 0.992 0.979 I.006 0.208 
Gas vented recently (I 03 m3

) 0.94I 0.858 I.032 O.I99 
Number of batteries I.096 0.885 1.357 0.40I 
Large facilitiese 
Gas plant flaring over lifetime ( 1 03 m3

) 1.000 I.OOO 1.000 0.280 
Recent gas plant flaring (I 03 m3

) I.OOO 1.000 I.OOO 0.336 
Number of gas plants 1.357 0.995 1.849 0.054 
Gas gathering system flaring over lifetime 

(I03 m3
) 1.005 0.995 l.OI5 0.300 

Recent gas gathering system flaring 
(103 m3

) 0.985 0.840 I. I 55 0.858 
Number of gas gathering systems I.043 0.924 1.178 0.499 
Categorical variables 
Presence of wells I.680 0.897 3.I46 0.105 
Small facilities 
Presence of gas flaring in lifetime I.069 0.562 2.034 0.840 
Presence of recent gas flaring 1.40I 0.742 2.643 0.299 
Presence of gas venting in lifetime 0.567 0.204 1.573 0.275 
Presence of recent gas venting 0.567 0.204 1.573 0.275 
Presence of batteries 1.087 0.596 1.979 0.786 
Large facilities 
Presence of gas plant flaring in lifetime 1.964 1.128 3.420 0.017 
Presence of recent gas plant flaring 1.964 l.I28 3.420 0.017 
Presence of gas plants I.866 1.082 3.2I8 0.025 
Presence of gas gathering system flaring 

in lifetime 1.40I 0.742 2.643 0.299 
Presence of recent gas gathering system 

flaring 0.895 0.267 3.005 0.858 
Presence of gas gathering systems 1.550 0.895 2.683 0.118 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-6. Summary of univariate comparisons between each biological covariable and 
the number of lesion types in ground squirrel livers (N=78).a 

95°/o Confidence interval 
foriR 

Incidence Rate Lower Upper 
Ratio (IR) 

Body weight (g) 1. 004 0. 99 8 1. 0 1 0 
Body length (mm) 1.042 1.008 1.077 
Size ratio (g/mm) 2.298 0.394 11.155 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Pvalue 

0.154 
0.017 
0.386 

Table 4-7. Final model describing the association between the presence of flaring from 
gas plants (recenta and lifetimeb) plus ground squirrel (N=78) body weight 
and the number of lesion types in the liver.c 

Intercept 
Exposure 
Presence of gas plant 

flaringe 
Covariable 
Body weight (g) 

Incidence Rate 
Ratio (IR) 

0.086 

2.06 

1.01 

95o/o Confidence interval 
foriR 

Lower Upper 

0.009 0.779 

1.18 3.61 

1.00 1.01 

Pvalued 

0.0292 

0.0109 

0.0949 
a "Recent" for both adults and juveniles was from April 2002 to the month captured 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
c Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
d P < 0.0125 was considered significant for exposure variables after adjusting for experiment-wise error 

rate 
e Within an 8.0 km radius of the trap site 
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Table 4-8. Frequency of the number of lesion types in the liver of ground squirrels 
(N=78) according to body weight and exposure to flaring (recenta and 
lifetime b) from gas plants within an 8.0 km radius of the trap site. 

Number of 
lesion 
types 

0 
1 
2 
3 
4 

No flaring 
< Average > Average 

body weight body weight 

20 
13 
0 
0 
0 

10 
12 
3 
0 
0 

Flaring 
< Average > Average 

body weight body weight 

6 
3 
2 
0 
1 

1 
6 
1 
0 
0 

a "Recent" for both adults and juveniles was from April 2002 to the month captured 
b "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
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Table 4-9. Summary of univariate comparisons between each exposure variable and the 
number of lesion types in ground squirrel lungs (N=58).a 

95°/o Confidence 
interval for IR 

Incidence Rate Lower Upper Pvalue 
Ratio {IR} 

Continuous variables 
Number of wells6 1.001 0.983 1.019 0.879 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 1.000 1.000 1.000 0.229 
Gas flared recentlyd ( 1 03 m3

) 1.001 0.999 1.003 0.243 
Gas vented over lifetime ( 1 03 m3

) 1.001 0.993 1.009 0.805 
Gas vented recently ( 103 m3

) 1.008 0.945 1.075 0.805 
Number of batteries 1.147 0.796 1.651 0.461 
Large facilitiese 
Gas plant flaring over lifetime ( 1 03 m3

) 0.999 0.997 1.001 0.160 
Recent gas plant flaring (1 03 m3

) 0.994 0.982 1.006 0.374 
Number of gas plants 0.693 0.426 1.126 0.138 
Gas gathering system flaring over lifetime 

(103 m3
) 1.005 0.991 1.019 0.467 

Recent gas gathering system flaring 
(103 m3

) 0.980 0.815 1.178 0.832 
Number of gas gathering systems 1.039 0.888 1.215 0.638 
Categorical variables 
Presence of wells 0.590 0.301 1.156 0.124 
Small facilities 
Presence of gas flaring in lifetime 1.606 0.689 3.746 0.273 
Presence of recent gas flaring 1.870 0.654 5.347 0.243 
Presence of gas venting in lifetime 1.177 0.321 4.317 0.805 
Presence of recent gas venting 1.177 0.321 4.317 0.805 
Presence of batteries 0.954 0.400 2.273 0.916 
Large facilities 
Presence of gas plant flaring in lifetime 0.938 0.393 2.239 0.888 
Presence of recent gas plant flaring 0.938 0.393 2.239 0.888 
Presence of gas plants 0.630 0.302 1.316 0.219 
Presence of gas gathering system flaring 

in lifetime 1.397 0.562 3.468 0.473 
Presence of recent gas gathering system 

flaring 0.859 0.212 3.475 0.832 
Presence of gas gatherin~ systems 1.465 0.724 2.967 0.289 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-10. Summary of univariate comparisons between each biological or 
environmental covariable and the number of lesion types in ground squirrel 
lungs (N=58).a 

Body weight (g) 
Body length (mm) 
Size ratio (g/mm) 
Precipitation b 

Incidence Rate 
Ratio (IR) 

0.995 
0.980 
0.320 

-Well Above Average 1.000 
-Above Average 0.600 
-Average 0.573 
- Below Average 1.200 
-Well Below Average Reference 

95°/o Confidence interval 
foriR 

Lower 

0.987 
0.939 
0.042 

0.104 
0.074 
0.132 
0.177 

Upper 

1.003 
1.023 
2.470 

9.582 
4.876 
2.485 
8.141 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Pvalue 

0.228 
0.373 
0.275 
0.674 
1.000 
0.632 
0.457 
0.852 

b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-11. Summary of univariate comparisons between each exposure variable and the 
number of lesion types in ground squirrel kidneys (N=58).a 

95%) Confidence 
interval for IR 

Incidence Rate Lower Upper Pvalue 
Ratio {IR} 

Continuous variables 
Number of wells6 0.999 0.964 1.035 0.950 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3) 1.000 1.000 1.000 0.431 
Gas flared recentlyd (1 03 m3) 1.001 0.997 1.005 0.421 
Gas vented over lifetime ( 103 m3) 0.997 0.980 1.015 0.775 
Gas vented recently ( 103 m3) 0.981 0.860 1.119 0.775 
Number of batteries 1.297 0.649 2.591 0.462 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3) 1.000 1.000 1.000 0.845 
Recent gas plant flaring ( 103 m3) 1.000 0.996 1.004 0.788 
Number of gas plants 1.709 0.876 3.335 0.116 
Gas gathering system flaring over lifetime 

(103m3) 1.006 0.983 1.030 0.613 
Recent gas gathering system flaring 

(103m3) 0.950 0.669 1.350 0.775 
Number of gas gathering systems 1.073 0.807 1.425 0.627 
Categorical variables 
Presence of wells 2.125 0.539 8.381 0.282 
Small facilities 
Presence of gas flaring in lifetime 1.537 0.285 8.278 0.616 
Presence of recent gas flaring 2.335 0.296 18.427 0.421 
Presence of gas venting in lifetime 0.678 0.047 9.782 0.775 
Presence of recent gas venting 0.678 0.047 9.782 0.775 
Presence of batteries 1.443 0.323 6.452 0.631 
Large facilities 
Presence of gas plant flaring in lifetime 3.222 1.154 8.998 0.025 
Presence of recent gas plant flaring 3.222 1.154 8.998 0.025 
Presence of gas plants 2.430 0.720 8.208 0.153 
Presence of gas gathering system flaring 

in lifetime 1.537 0.285 8.278 0.616 
Presence of recent gas gathering system 

flaring 0.678 0.047 9.782 0.775 
Presence of gas gatherins systems 2.430 0.720 8.208 0.153 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-12. Summary of univariate comparisons between each biological co variable and 
the number of lesion types in ground squirrel kidneys (N=58).a 

95°/o Confidence interval 
foriR 

Incidence Rate Lower Upper Pvalue 
Ratio (IR) 

Body weight (g) 0.991 0.978 1.005 0.179 
Body length (mm) 0.992 0.923 1.067 0.838 
Size ratio (g/mm) 0.037 0.001 1.259 0.067 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Table 4-13. Summary of univariate comparisons between each exposure variable and the 
number of lesion types in ground squirrel hearts (N=58).a 

Continuous variables 
Number of wells6 

Small facilitiesb 
Gas flared over lifetimec ( 103 m3) 
Gas flared recentlyd ( 103 m3) 
Gas vented over lifetime ( 103 m3) 
Gas vented recently ( 1 03 m3) 
Number of batteries 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3) 
Recent gas plant flaring ( 103 m3) 
Number of gas plants 
Gas gathering system flaring over lifetime 

(103m3) 
Number of gas gathering systems 
Categorical variables 
Presence of wells 
Small facilities 
Presence of gas flaring in lifetime 
Presence of recent gas flaring · 
Presence of gas venting in lifetime 
Presence of recent gas venting 
Presence of batteries 
Large facilities 
Presence of gas plant flaring in lifetime 
Presence of recent gas plant flaring 
Presence of gas plants 
Presence of gas gathering system flaring 

Incidence Rate 
Ratio {IR} 

0.989 

1.000 
1.000 
0.998 
0.986 
0.888 

0.998 
0.959 
0.360 

0.985 
0.694 

0.438 

0.739 
0.757 
0.757 
0.757 
0.786 

0.205 
0.205 
0.330 

95°/o Confidence 
interval for IR 

Lower 

0.957 

1.000 
0.996 
0.984 
0.892 
0.462 

0.992 
0.802 
0.126 

0.957 
0.424 

0.156 

0.167 
0.100 
0.100 
0.100 
0.222 

0.027 
0.027 
0.093 

Upper 

1.023 

1.000 
1.004 
1.012 
1.090 
1.705 

1.004 
1.146 
1.030 

1.015 
1.138 

1.231 

3.276 
5.758 
5.758 
5.758 
2.782 

1.557 
1.557 
1.166 

in lifetime 0.343 0.046 2.583 
Presence of gas gathering systems 0.480 0.153 1.508 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

0.533 

0.768 
0.788 
0.788 
0.788 
0.722 

0.547 
0.647 
0.056 

0.301 
0.147 

0.117 

0.690 
0.788 
0.788 
0.788 
0.708 

0.125 
0.125 
0.085 

0.299 
0.209 

c "Lifetime" for adults was from April 200 I to the month captured, and for juveniles was from April 2002 
to the month captured 

d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-14. Summary of univariate comparisons between each biological or 
environmental co variable and the number of lesion types in ground squirrel 
hearts (N=58).a 

95°/o Confidence interval 
foriR 

Incidence Rate Lower Upper Pvalue 
Ratio (IR) 

Body weight (g) 1.000 0.988 1.012 0.956 
Body length (mm) 0.993 0.931 1.059 0.663 
Size ratio (g/mm) 1.058 0.048 23.173 0.975 
Ecoregion 0.772 
- Aspen Parkland 0.872 0.161 4.723 0.874 
- Fescue Grassland 2.188 0.460 10.414 0.325 
- Mixed Grassland 1.215 0.221 6.687 0.823 
- Moist Mixed Grassland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Table 4-15. Descriptive summary of body weight (g) according to age and gender of 
ground squirrels captured in Alberta and Saskatchewan. 

Percentiles 
N Mean SD Median 25th 75th 

Adults 
Females 161 385.8 50.05 380 350 412.5 
Males 18 476.4 84.52 445 407.5 555 

Juveniles 
Females 12 208.8 92.25 242.5 107.5 291.3 
Males 9 252.2 101.71 295 145 342.5 

Table 4-16. Descriptive summary of size ratio (g/mm) according to age and gender of 
ground squirrels captured in Alberta and Saskatchewan. 

Percentiles 
N Mean SD Median 25th 75th 

Adults 
Females 161 1.58 0.170 1.57 1.46 1.68 
Males 18 1.86 0.265 1.80 1.65 2.08 

Juveniles 
Females 12 1.01 0.314 1.09 0.68 1.27 
Males 9 1.14 0.339 1.26 0.79 1.45 
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Table 4-17. Summary of univariate comparisons between each exposure variable and 
ground squirrel body weight (g; N=200). a 

95°/o Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number ofwells6 0.757 -0.348 1.861 0.1781 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3) 0.007 -0.027 0.041 0.6866 
Gas flared recentlyd ( 1 03 m3) 0.026 -0.134 0.185 0.7516 
Gas vented over lifetime ( 103 m3) 0.331 -0.219 0.881 0.2362 
Gas vented recently ( 103 m3) 1.763 -2.414 5.940 0.4060 
Number of batteries -1.142 -18.738 16.453 0.8982 
Large facilitiese 
Gas plant flaring over lifetime (103m3) 0.029 0.009 0.049 0.0041 
Recent gas plant flaring ( 103 m3) 0.037 -0.035 0.110 0.3082 
Number of gas plants 9.101 -13.794 31.996 0.4338 
Gas gathering system flaring over lifetime 

(103m3) 1.158 0.454 1.862 0.0014 
Recent gas gathering system flaring 

(103m3) 5.031 -6.717 16.778 0.3992 
Number of gas gathering systems 1.509 -8.128 11.147 0.7577 
Categorical variables 
Presence of wells 39.53 6.69 72.37 0.0186 
Small facilities 
Presence of gas flaring in lifetime 20.65 -23.89 65.18 0.3616 
Presence of recent gas flaring 8.86 -44.22 61.93 0.7424 
Presence of gas venting in lifetime -0.19 -62.86 62.47 0.9952 
Presence of recent gas venting -0.19 -62.86 62.47 0.9952 
Presence of batteries 20.53 -19.40 60.46 0.3116 
Large facilities 
Presence of gas plant flaring in lifetime 15.18 -31.53 61.88 0.5221 
Presence of recent gas plant flaring 15.18 -31.53 61.88 0.5221 
Presence of gas plants 23.51 -14.22 61.24 0.2205 
Presence of gas gathering system flaring 

in lifetime 81.04 31.27 130.80 0.0016 
Presence of recent gas gathering system 

flaring 38.23 -51.05 127.51 0.3992 
Presence of gas gathering systems 8.27 -30.26 46.80 0.6724 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-18. Summary of univariate comparisons between each biological or 
environmental co variable and ground squirrel body weight (g; N=200). a 

Age- Adults 
Age- Juveniles 
Gender - Females 
Gender - Males 
Precipitation b 

-Well Above Average 
- Above Average 
-Average 
- Below Average 
- Well Below Average 
Ecoregion 

Regression 
coefficient 

174.7 
Reference 

-28.9 
Reference 

56.1 
-17.9 
46.0 
62.4 

Reference 

-Aspen Parkland -62.4 
-Boreal Transition -1.6 
-Fescue Grassland -30.8 
-Mixed Grassland -65.9 
-Moist Mixed Grassland -69.6 
- Western Alberta Upland Reference 

95°/o Confidence interval 
for p 

Lower 

148.8 

-61.5 

-11.7 
-72.6 
-23.1 
19.1 

-223.1 
-179.2 
-186.4 
-231.3 
-237.9 

Upper 

200.5 

3.7 

123.9 
36.9 
115.2 
105.8 

98.3 
176.1 
124.8 
99.5 
98.8 

Pvalue 

< 0.0001 

0.0819 

0.1040 
0.5202 
0.1907 
0.0050 

0.4445 
0.9861 
0.6961 
0.4330 
0.4159 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 

Table 4-19. Final model describing the association between age plus gender and ground 
squirrel body weight (g; N=200). a 

95°/o Confidence interval 
for p 

Regression Lower Upper Pvalue 
coefficient {~} 

Intercept 263 232 295 < 0.0001 
Covariables 
Age- Adults 208 185 295 < 0.0001 
Age- Juveniles Reference 
Gender- Females -92 -113 -71 < 0.0001 
Gender- Males Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Table 4-20. Summary of univariate comparisons between each exposure variable and 
ground squirrel size ratio (g/mm; N=200).a 

95o/o Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number ofwells6 0.0024 -0.0012 0.0060 0.1968 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 1E-5 -0.0001 0.0001 0.8535 
Gas flared recentlyd ( 103 m3

) 1E-5 -0.0005 0.0005 0.9604 
Gas vented over lifetime ( 103 m3

) 0.0012 -0.0006 0.0029 0.1998 
Gas vented recently ( 103 m3

) 0.0064 -0.0072 0.0200 0.3529 
Number of batteries -0.0090 -0.0664 0.0483 0.7566 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) 0.0001 1E-5 0.0001 0.0172 
Recent gas plant flaring ( 103 m3

) 0.0001 -0.0002 -0.0003 0.4998 
Number of gas plants 0.0134 -0.0626 0.0893 0.7282 
Gas gathering system flaring over lifetime 

(103 m3
) 0.0032 0.0009 0.0055 0.0074 

Recent gas gathering system flaring 
(103 m3

) 0.0139 -0.0247 0.0524 0.4792 
Number of gas gathering systems 0.0007 -0.0309 0.0322 0.9673 
Categorical variables 
Presence of wells 0.0915 -0.0221 0.2051 0.1135 
Small facilities 
Presence of gas flaring in lifetime 0.0564 -0.0898 0.2026 0.4477 
Presence of recent gas flaring 0.0032 -0.1704 0.1768 0.9712 
Presence of gas venting in lifetime 0.0086 -0.1960 0.2132 0.9341 
Presence of recent gas venting 0.0086 -0.1960 0.2132 0.9341 
Presence of batteries 0.0498 -0.0819 0.1814 0.4570 
Large facilities 
Presence of gas plant flaring in lifetime 0.0055 -0.1483 0.1594 0.9434 
Presence of recent gas plant flaring 0.0055 -0.1483 0.1594 0.9434 
Presence of gas plants 0.0519 -0.0738 0.1776 0.4162 
Presence of gas gathering system flaring 

in lifetime 0.2243 0.0591 0.3896 0.0081 
Presence of recent gas gathering system 

flaring 0.1053 -0.1876 0.3981 0.4792 
Presence of gas gathering systems 0.0025 -0.1237 0.1286 0.9694 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-21. Summary of univariate comparisons between each biological or 
environmental covariable and ground squirrel size ratio (g/mm; N=200).a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~) 

Age- Adults 0.549 0.461 0.637 < 0.0001 
Age - Juveniles Reference 
Gender - Females -0.093 -0.200 0.014 0.0883 
Gender - Males Reference 
Precipitation b 

- Well Above Average 0.222 -0.018 0.462 0.0692 
- Above Average -0.029 -0.225 0.167 0.7687 
-Average 0.171 -0.081 0.422 0.1822 
- Below Average 0.196 0.039 0.353 0.0150 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland -0.186 -0.715 0.344 0.4895 
- Boreal Transition -0.015 -0.605 0.574 0.9587 
- Fescue Grassland -0.091 -0.602 0.419 0.7242 
- Mixed Grassland -0.149 -0.695 0.397 0.5910 
- Moist Mixed Grassland -0.182 -0.738 0.374 0.5190 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (Aprill to August 23) 

Table 4-22. Final model describing the association between age plus gender and ground 
squirrel size ratio (g/mm; N=200). a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Intercept 1.20 1.09 1.30 < 0.0001 
Covariables 
Age-Adults 0.655 0.574 0.735 < 0.0001 
Age- Juveniles Reference 
Gender- Females -0.294 -0.368 -0.220 < 0.0001 
Gender - Males Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Table 4-23. Descriptive summary of white blood cell (WBC) counts of ground squirrels 
captured in Alberta and Saskatchewan. 

Percentiles 
N Mean SD Median 25tfi 75tfi 

Total WBC (x109/L) 200 1.81 1.23 1.49 1.05 2.13 
N eutrophils 196 

Relative (%) 55.1 19.0 56.0 41.0 69.0 
Absolute (x109/L) 1.05 0.89 0.75 0.49 1.31 

Lymphocytes 196 
Relative(%) 36.4 16.8 36.0 23.0 48.0 
Absolute (x109/L) 0.64 0.55 0.50 0.30 0.79 

Monocytes 196 
Relative (%) 6.3 4.5 6.0 3.0 8.0 
Absolute (x109/L) 0.12 0.14 0.08 0.04 0.14 

Eosinophils 196 
Relative(%) 1.6 1.9 1.0 0 2.0 
Absolute (x109/L) 0.03 0.04 0.02 0.02 0.04 

Basophils 196 
Relative (%) 0.3 0.6 0 0 0 
Absolute (x109/L) 0.005 0.015 0 0 0 

Unclassified 
agranulocytesa 196 

Relative (%) 0.3 0.8 0 0 0 
Absolute (x109/L) 0.005 0.013 0 0 0 

a Some lymphocytes and monocytes could not be distinguished 
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Table 4-24. Comparison of total and differential white blood cell (WBC) counts (mean± SD, where available, or ranges) from 
Spermophilus richardsonii with those of other species in the Family Sciuridae (Rodentia). 

Total WBC Differential WBC {%} 
S~ecies {N) N { xl 09 cells/L} Neutro~hils L~m~hoc~tes Monoc~tes Eosino~hils Baso~hils Reference 
Cynomys 

ludovicianus 45 6.3 ± 1.9 - - - - - Broughton 1992 
3.3-10.5 43-87 8-54 0- 12 0- 10 0-2 Ness 1999 

Marmot a 
jlaviventris 
Adults 122 9.4 ± 4.5 - - - - - Armitage 1983 
Yearlings 76 9.6±4.9 
Juveniles 107 7.6 ± 4.3 

Sciurus 
carolinens is 15 3.5 ± 1.9 - - - - - Levin and Flyger 

1973 
.......... 

180 2.3 ± 5.5 63.3 ± 18.2a 0.8 ± 1.3 0.1 ± 0.40 w ---- 33.3 ± 14.0 0.2 ± 0.54 Hoff et al. 1976 
.......... 

S. niger 10 4.0 ± 1.9 - - - - - Levin and Flyger 
1973 

Spermophilus 
columbianus 8 12.8 57 31 - - - Nansel and Knoche 

1972 
S. mexicanus 22 7.6 ± 1.7 - - - - - Larkin et al. 1972 
S. parryii 10 - 64.0 ± 3.2 31.9 ± 3.2 2.2 ± 1.3 1.9 ± 1.6 - Boonstra and 

McColl2000 
S. richarsonii 196- 1.8 ± 1.2 55.1 ± 19.0 36.4 ± 16.8 6.3± 4.5 1.6 ± 1.9 0.3 ± 0.6 Present study 

200 
S. tridecem/ineatus 12 5.0-9.0 - - - - - Spurrier and Dawe 

1973 
Tamiasciurus 

hudsonicus 10 - 64.0 ± 2.2 34.6 ± 2.2 1.1 ± 0.9 0.3 ± 0.6 - Boonstra and 
McColl2000 

a Segmented (not band) neutrophils 



Table 4-25. Summary of univariate comparisons between each continuous exposure 
variable and log total WBC counts in ground squirrels (N=200). Cell counts 
were expressed as 106 cells/mi. a 

95o/o Confidence 
interval for (3 

Regression 
coefficient ((3) 

Lower Upper P value 

Continuousvariabks 
Number of wells6 

Small facilitiesb 
Gas flared over lifetimec (1 03 m3

) 

Gas flared recentlyd (1 03 m3
) 

Gas vented over lifetime (103 m3
) 

Gas vented recently ( 1 03 m3
) 

Number of batteries 
Large facilitiese 
Gas plant flaring over lifetime 

(103 m3
) 

Recent gas plant flaring ( 103 m3
) 

Number of gas plants 
Gas gathering system flaring over 

lifetime ( 103 m3
) 

Recent gas gathering system flaring 
(103 m3

) 

Number of gas gathering systems 

-0.0018 

3E-7 
-9E-6 

-0.0010 
-0.0077 
0.0174 

3E-5 
0.0001 
0.0728 

-0.0005 

0.0071 
0.0217 

-0.0054 0.0018 

-0.0001 0.0001 
-0.0005 0.0005 
-0.0028 0.0007 
-0.0208 0.0053 
-0.0394 0.0741 

-3E-5 0.0001 
-0.0001 0.0003 
0.0041 0.1414 

-0.0029 0.0019 

-0.0314 0.0457 
-0.0080 0.0514 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

0.3148 

0.9963 
0.9737 
0.2379 
0.2433 
0.5470 

0.3815 
0.2366 
0.0378 

0.6779 

0.7162 
0.1510 

c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 

d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-26. Summary of univariate comparisons between each categorical exposure 
variable and log total WBC counts in ground squirrels (N=200). Cell counts 
were expressed as 1 06 cells/mi. a 

95°/o Confidence 
interval for J3 

Regression Lower Upper Pvalue 
coefficient (J3) 

Absence/Presence Categories 
Presence of wells6 0.1306 0.0149 0.2464 0.0272 
Small facilitiesb 
Presence of gas flaring in lifetimec 0.0042 -0.1417 0.1502 0.9545 
Presence of recent gas flaringd 0.0327 -0.1378 0.2031 0.7058 
Presence of gas venting in lifetime -0.0582 -0.2569 0.1406 0.5644 
Presence of recent gas venting -0.0582 -0.2569 0.1406 0.5644 
Presence of batteries 0.0592 -0.0752 0.1936 0.3856 
Large facilitiese 
Presence of gas plant flaring in 

lifetime 0.1015 -0.0405 0.2435 0.1601 
Presence of recent gas plant flaring 0.1015 -0.0405 0.2435 0.1601 
Presence of gas plants 0.0993 -0.0210 0.2196 0.1051 
Presence of gas gathering system 

flaring in lifetime -0.0339 -0.1999 0.1321 0.6876 
Presence of recent gas gathering 

system flaring 0.0541 -0.2389 0.3470 0.7162 
Presence of gas gathering systems 0.1377 0.0277 0.2478 0.0144 
Absence/Low /High Categories 
Presence of wells 0.0738 -0.0308 0.1783 0.1657 
Small facilities 
Presence of gas flaring in lifetime 0.0015 -0.1122 0.1151 0.9795 
Presence of gas venting in lifetime -0.0587 -0.1818 0.0645 0.3486 
Presence of batteries 0.0338 -0.0586 0.1262 0.4717 
Large facilities 
Presence of gas plant flaring in 

lifetime 0.0567 -0.0315 0.1448 0.2062 
Presence of recent gas plant flaring 0.0637 -0.0235 0.1509 0.1509 
Presence of gas gathering systems 0.1071 0.0116 0.2027 0.0282 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 200 1 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-27. Summary of univariate comparisons between each biological or 
environmental covariable and log total WBC counts in ground squirrels 
(N=200). Cell counts were expressed as 106 cells/ml.a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~) 

Body weight (g) 0.0001 -0.0004 0.0005 0.8247 
Body length (mm) 0.0013 -0.0008 0.0034 0.2173 
Size ratio (g/mm) -0.0022 -0.1503 0.1458 0.9763 
Age- Adults -0.0005 -0.1260 0.1250 0.9939 
Age- Juveniles Reference 
Gender - Females -0.0293 -0.1434 0.0848 0.6129 
Gender- Males Reference 
Precipitationb 
- Well Above Average -0.3863 -0.6452 -0.1275 0.0037 
- Above Average -0.1376 -0.3492 0.0740 0.2010 
-Average 0.0048 -0.2678 0.2774 0.9722 
- Below Average -0.0690 -0.2398 0.1018 0.4265 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.1879 -0.3621 0.7380 0.5010 
- Boreal Transition 0.2147 -0.3819 0.8113 0.4786 
- Fescue Grassland 0.2336 -0.3057 0.7729 0.3937 
- Mixed Grassland 0.0312 -0.5330 0.5954 0.9131 
- Moist Mixed Grassland 0.3018 -0.2710 0.8746 0.2998 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-28. Final model describing the association between recent exposure to large 
petroleum facilities plus precipitation and log total WBC counts in ground 
squirrels (N=200). Cell counts were expressed as 106 cells/ml.a 

Intercept 
Exposurec 
Presence of recent gas 

plant flaringd,e 
Presence of gas gathering 

systemse 
Covariable 
Precipitationf 
- Well Above Average 
- Above Average 
-Average 
- Below Average 
- Well Below Average 

Regression 
coefficient (p) 

6.13 

0.096 

0.122 

-0.274 
-0.013 
0.127 
-0.075 

Reference 

95°/o Confidence interval 
for (3 

Lower Upper 

5.97 6.29 

0.030 0.161 

0.036 0.209 

-0.499 -0.048 
-0.199 0.174 
-0.092 0.346 
-0.207 0.058 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Pvalueb 

< 0.0001 

0.0044 

0.0060 

0.0176 
0.8942 
0.2532 
0.2674 

b P < 0.0125 was considered significant for exposure variables after adjusting for experiment-wise error 
rate 

c Exposure was categorized on an Absence/Low/High basis 
d "Recent" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
f Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-29. Final model describing the association between exposure to large petroleum 
facilities over lifetime plus precipitation and log total WBC counts in 
ground squirrels (N=200). Cell counts were expressed as 106 cells/ml.a 

Intercept 
Exposurec 
Presence of gas plant 

flaring in lifetime d,e 
Presence of gas gathering 

systemse 
Covariable 
Precipitationf 
- Well Above Average 
- Above Average 
-Average 
- Below Average 
- Well Below Average 

Regression 
coefficient (p) 

6.14 

0.092 

0.116 

-0.280 
-0.019 
0.121 
-0.072 

Reference 

95o/o Confidence interval 
for p 

Lower Upper 

5.98 6.29 

0.023 0.161 

0.029 0.203 

-0.507 -0.052 
-0.207 0.169 
-0.100 0.342 
-0.207 0.062 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Pvalueb 

< 0.0001 

< 0.0001 

< 0.0001 

0.0162 
0.8433 
0.2824 
0.2892 

b P < 0.0125 was considered significant for exposure variables after adjusting for experiment-wise error 
rate 

c Exposure was categorized on an Absence/Low/High basis 
d "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
e Within an 8.0 km radius of the trap site 
f Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-30. Summary of univariate comparisons between each exposure variable and log 
neutrophil counts in ground squirrels (N= 196). Cell counts were expressed 
as 1 06 cells/ml. a 

Continuous variables 
Number of wells6 

Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 

Gas flared recentlyd ( 1 03 m3
) 

Gas vented over lifetime ( 103 m3
) 

Gas vented recently ( 1 03 m3
) 

Number of batteries 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) 

Recent gas plant flaring ( 103 m3
) 

Number of gas plants 
Gas gathering system flaring over lifetime 

(103 m3
) 

Recent gas gathering system flaring 
(103 m3

) 

Number of gas gathering systems 
Categorical variables 
Presence of wells 
Small facilities 
Presence of gas flaring in lifetime 
Presence of recent gas flaring 
Presence of gas venting in lifetime 
Presence of recent gas venting 
Presence of batteries 
Large facilities 
Presence of gas plant flaring in lifetime 
Presence of recent gas plant flaring 
Presence of gas plants 
Presence of gas gathering system flaring 

in lifetime 
Presence of recent gas gathering system 

Regression 
coefficient {~) 

-0.0035 

-2E-5 
3E-5 

-0.0018 
-0.0143 
0.0069 

4E-5 
0.0002 
0.0758 

0.0006 

-0.0051 
0.0125 

0.1507 

-0.0576 
0.0609 
-0.1466 
-0.1466 
0.0262 

0.1504 
0.1504 
0.1046 

0.0410 

95% Confidence 
interval for ~ 

Lower 

-0.0076 

-0.0002 
-0.0006 
-0.0037 
-0.0291 
-0.0613 

-3E-5 
-0.0001 
-0.0081 

-0.0022 

-0.0514 
-0.0245 

0.0102 

-0.2321 
-0.1429 
-0.3767 
-0.3767 
-0.1339 

-0.0175 
-0.0175 
-0.0419 

-0.1555 

Upper 

0.0006 

0.0001 
0.0006 
0.0002 
0.0005 
0.0752 

0.0001 
0.0005 
0.1598 

0.0034 

0.0411 
0.0495 

0.2912 

0.1169 
0.2648 
0.0836 
0.0836 
0.1863 

0.3183 
0.3183 
0.2510 

0.2376 

flaring -0.0390 -0.3905 0.3125 
Presence of gas gathering systems 01450 0.0077 0.2822 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

0.0916 

0.8158 
0.9327 
0.0748 
0.0588 
0.8410 

0.2378 
0.1867 
0.0763 

0.6733 

0.8269 
0.5063 

0.0357 

0.5153 
0.5560 
0.2105 
0.2105 
0.7474 

0.0787 
0.0787 
0.1606 

0.6810 

0.8269 
0.0386 

c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 

d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-31. Summary of univariate comparisons between each biological or 
environmental covariable and log neutrophil counts in ground squirrels 
(N=196). Cell counts were expressed as 106 cells/ml.a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Body weight (g) 0.0007 0.0001 0.0013 0.0150 
Body length (mm) 0.0049 0.0025 0.0073 <0.0001 
Size ratio (g/mm) 0.1893 0.0163 0.3622 0.0322 
Age-Adults 0.1781 0.0300 0.3262 0.0188 
Age- Juveniles Reference 
Gender - Females 0.0495 -0.0842 0.1832 0.4656 
Gender - Males Reference 
Precipitationb 
- Well Above Average -0.3231 -0.6594 0.0131 0.0595 
- Above Average -0.2030 -0.4763 0.0703 0.1444 
-Average 0.0661 -0.2912 0.4235 0.7155 
- Below Average -0.0569 -0.2808 0.1670 0.6165 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.0723 -0.5715 0.7161 0.8249 
- Boreal Transition 0.2195 -0.4771 0.9161 0.5348 
- Fescue Grassland 0.1962 -0.4359 0.8282 0.5410 
-Mixed Grassland -0.0811 -0.7416 0.5795 0.8089 
- Moist Mixed Grassland 0.2205 -0.4493 0.8903 0.5167 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-32. Final model describing the association between ground squirrel body length 
and log neutrophil counts (N=196). Cell counts were expressed as 106 

cells/mi. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Intercept 4.71 4.09 5.32 < 0.0001 
Covariable 
Body length (mm) 0.005 0.003 0.007 < 0.0001 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 

Table 4-33. Final model describing the association between ground squirrel age and log 
neutrophil counts (N= 196). Cell counts were expressed as 106 cells/mi. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Intercept 5.72 5.56 5.88 < 0.0001 
Covariable 
Age- Adults 0.178 0.030 0.326 0.0188 
Age- Juveniles Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
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Table 4-34. Summary of univariate comparisons between each exposure variable and log 
lymphocyte counts in ground squirrels (N= 196). Cell counts were expressed 
as 1 06 cells/mi. a 

95% Confidence 
interval for ~ 

Regression Lower Upper Pvalue 
coefficient {~} 

Continuous variables 
Number ofwells6 -0.0008 -0.0043 0.0027 0.6383 
Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) -2E-5 -0.0001 0.0001 0.7260 
Gas flared recentlyd ( 103 m3

) -0.0002 -0.0007 0.0003 0.5026 
Gas vented over lifetime ( 103 m3

) -0.0005 -0.0022 0.0012 0.5778 
Gas vented recently ( 103 m3

) -0.0034 -0.0163 0.0094 0.6012 
Number of batteries -0.0144 -0.0678 0.0390 0.5945 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) 9E-6 -0.0001 0.0001 0.7818 
Recent gas plant flaring ( 1 03 m3

) 0.0001 -0.0001 0.0003 0.3798 
Number of gas plants 0.0920 0.0331 0.1509 0.0024 
Gas gathering system flaring over lifetime 

(103 m3
) -0.0027 -0.0051 -0.0004 0.0232 

Recent gas gathering system flaring 
(103 m3

) 0.0196 -0.0171 0.0563 0.2928 
Number of gas gathering systems 0.0160 -0.0140 0.0459 0.2936 
Categorical variables 
Presence of wells 0.0864 -0.0312 0.2041 0.1487 
Small facilities 
Presence of gas flaring in lifetime -0.0791 -0.2091 0.0509 0.2312 
Presence of recent gas flaring -0.1280 -0.2751 0.0190 0.0874 
Presence of gas venting in lifetime -0.0400 -0.2296 0.1496 0.6776 
Presence of recent gas venting -0.0400 -0.2296 0.1496 0.6776 
Presence of batteries -0.0491 -0.1729 0.0746 0.4343 
Large facilities 
Presence of gas plant flaring in lifetime 0.0841 -0.0520 0.2202 0.2244 
Presence of recent gas plant flaring 0.0841 -0.0520 0.2202 0.2244 
Presence of gas plants 0.1485 0.0484 0.2486 0.0039 
Presence of gas gathering system flaring 

in lifetime -0.1875 -0.3530 -0.0221 0.0266 
Presence of recent gas gathering system 

flaring 0.1491 -0.1297 0.4279 0.2928 
Presence of gas gatherins systems 0.0464 -0.0736 0.1664 0.4462 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 
c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 

to the month captured 
d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius ofthe trap site 
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Table 4-35. Summary of univariate comparisons between each biological or 
environmental covariable and log lymphocyte counts in ground squirrels 
(N= 196). Cell counts were expressed as 1 06 cells/mi. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient(~} 

Body weight (g) -0.0009 -0.0014 -0.0004 0.0013 
Body length (mm) -0.0035 -0.0059 -0.0012 0.0035 
Size ratio (g/mm) -0.2680 -0.4310 -0.1049 0.0014 
Age -Adults -0.3175 -0.4567 -0.1784 < 0.0001 
Age - Juveniles Reference 
Gender- Females -0.1188 -0.2473 0.0098 0.0699 
Gender - Males Reference 
Precipitationb 
- Well Above Average -0.2384 -0.5364 0.0595 0.1160 
- Above Average 0.0127 -0.2255 0.2509 0.9162 
-Average 0.0271 -0.2786 0.3329 0.8612 
- Below Average 0.0086 -0.1831 0.2003 0.9298 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.1766 -0.4437 0.7970 0.5748 
- Boreal Transition -0.0513 -0.7040 0.6014 0.8768 
- Fescue Grassland 0.2542 -0.3650 0.8735 0.4189 
- Mixed Grassland 0.1196 -0.5138 0.7529 0.7099 
- Moist Mixed Grassland 0.2369 -0.4022 0.8760 0.4654 
- Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April 1 to August 23) 
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Table 4-36. Final model describing the association between the number of gas plants 
plus ground squirrel age and log lymphocyte counts (N= 196). Cell counts 
were expressed as 1 06 cells/mi. a 

Intercept 
Exposure 
Number of gas plantsb 
Covariable 

Regression 
coefficient ((3) 

5.91 

0.085 

Age- Adults -0.303 
Age- Juveniles Reference 

95°/o Confidence interval 
for (3 

Lower Upper 

5.76 6.06 

0.022 0.148 

-0.441 -0.165 

a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within an 8.0 km radius of the trap site 

Pvalue 

< 0.0001 

0.0087 

< 0.0001 

Table 4-37. Final model describing the association between the presence of gas plants 
plus ground squirrel age and log lymphocyte counts (N= 196). Cell counts 
were expressed as 1 06 cells/mi. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper 
coefficient (~} 

Intercept 5.91 5.76 6.06 
Exposure 
Presence of gas plantsb 0.140 0.034 0.245 
Covariable 
Age -Adults -0.307 -0.444 -0169 
Age- Juveniles Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within an 8.0 km radius of the trap site 
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< 0.0001 

0.0096 

< 0.0001 
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Figure 4-1. The simple association between log lymphocyte counts in ground squirrels 
and the presence of gas plants within 8.0 km of the trap location, unadjusted 
for age and site. Cell counts were expressed as 106 cells/mi. The center line 
reflects the median, the box the interquartile range, and the whiskers extend 
from the highest to lowest values excluding outliers. The circles are outliers 
between 1.5 and 3 box lengths from the upper or lower edge of the box. 
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Table 4-38. Summary of univariate comparisons between each exposure variable and log 
monocyte counts in ground squirrels (N=l96). Cell counts were expressed 
as 1 06 cells/mi. a 

Continuous variables 
Number ofwells6 

Small facilitiesb 
Gas flared over lifetimec ( 103 m3

) 

Gas flared recentlyd ( 103 m3
) 

Gas vented over lifetime ( 1 03 m3
) 

Gas vented recently ( 1 03 m3
) 

Number of batteries 
Large facilitiese 
Gas plant flaring over lifetime ( 103 m3

) 

Recent gas plant flaring ( 103 m3
) 

Number of gas plants 
Gas gathering system flaring over lifetime 

(103 m3
) 

Recent gas gathering system flaring 
(103 m3

) 

Number of gas gathering systems 
Categorical variables 
Presence ofwells 
Small facilities 
Presence of gas flaring in lifetime 
Presence of recent gas flaring 
Presence of gas venting in lifetime 
Presence of recent gas venting 
Presence of batteries 
Large facilities 
Presence of gas plant flaring in lifetime 
Presence of recent gas plant flaring 
Presence of gas plants 
Presence of gas gathering system flaring 

in lifetime 
Presence of recent gas gathering system 

Regression 
coefficient {~} 

0.0021 

-0.0002 
-0.0010 
0.0009 
0.0082 
0.0202 

2E-6 
2E-5 

0.0826 

-0.0012 

0.0448 
0.0401 

0.1882 

0.0748 
-0.0086 
0.2280 
0.2280 
0.0873 

-0.0025 
-0.0025 
0.0576 

-0.0819 

95%) Confidence 
interval for ~ 

Lower 

-0.0056 

-0.0004 
-0.0020 
-0.0028 
-0.0197 
-0.0980 

-0.0001 
-0.0005 
-0.0747 

-0.0065 

-0.0375 
-0.0258 

-0.0708 

-0.2331 
-0.3630 
-0.1678 
-0.1678 
-0.1979 

-0.3150 
-0.3150 
-0.2093 

-0.4552 

Upper 

0.0098 

4E-5 
0.0001 
0.0046 
0.0361 
0.1383 

0.0001 
0.0005 
0.2399 

0.0041 

0.1271 
0.1059 

0.4472 

0.3828 
0.3458 
0.6238 
0.6238 
0.3726 

0.3101 
0.3101 
0.3245 

0.2914 

flaring 0.3406 -0.2847 0.9659 
Presence of gas gathering systems 0.0247 -0.2387 0.2882 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Within a 1.6 km radius of the trap site 

Pvalue 

0.5913 

0.1033 
0.0681 
0.6400 
0.5624 
0.7368 

0.9800 
0.9385 
0.3013 

0.6589 

0.2838 
0.2318 

0.1533 

0.6321 
0.9619 
0.2572 
0.2572 
0.5465 

0.9876 
0.9876 
0.6707 

0.6655 

0.2838 
0.8533 

c "Lifetime" for adults was from April 2001 to the month captured, and for juveniles was from April 2002 
to the month captured 

d "Recently" for both adults and juveniles was from April 2002 to the month captured 
e Within an 8.0 km radius of the trap site 
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Table 4-39. Summary of univariate comparisons between each biological or 
environmental covariable and log monocyte counts in ground squirrels 
(N= 196). Cell counts were expressed as 1 06 cells/mi. a 

95°/o Confidence interval 
for~ 

Regression Lower Upper Pvalue 
coefficient (~} 

Body weight (g) -0.0003 -0.0017 0.0011 0.6661 
Body length (mm) 0.0001 -0.0059 0.0061 0.9776 
Size ratio (g/mm) -0.1122 -0.5346 0.3102 0.6007 
Age-Adults -0.0597 -0.4345 0.3150 0.7534 
Age- Juveniles Reference 
Gender- Females 0.2104 -0.1185 0.5393 0.2084 
Gender- Males Reference 
Precipitationb 
- Well Above Average -0.2164 -0.9110 0.4783 0.5396 
- Above Average -0.0991 -0.6424 0.4441 0.7192 
-Average 0.3012 -0.3784 0.9809 0.3829 
- Below Average 0.0620 -0.3647 0.4886 0.7748 
- Well Below Average Reference 
Ecoregion 
- Aspen Parkland 0.4088 -1.1918 2.0094 0.6149 
- Boreal Transition 0.5534 -1.1251 2.2320 0.5161 
- Fescue Grassland 0.5662 -1.0344 2.1668 0.4860 
-Mixed Grassland 0.4348 -1.1983 2.0679 0.5999 
- Moist Mixed Grassland 0.7500 -0.8969 2.3968 0.3700 
-Western Alberta Upland Reference 
a Data are structured as a two-level model with ground squirrel (unit of analysis) within site 
b Percent of average precipitation in agricultural areas over the 2002 growing season (April I to August 23) 
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4.4 Discussion 

Histopathological evaluation of selected tissues revealed an association between 

the number of lesion types in the liver and ground squirrel exposure to flaring from gas 

processing plants. The liver's role in filtering contaminants from the bloodstream and its 

strategic position between the intestine and other body tissues may lead to relatively 

greater contaminant exposure, particularly where ingestion in a major route of uptake. 

The liver is also a key site of xenobiotic metabolism. Phase I metabolism by the 

cytochrome P450 (monooxygenase) system may activate xenobiotics such as P AHs to a 

more reactive form (Santodonato et al. 1981 ), leading to hepatoxicity. Reactive oxygen 

species may also be generated during CYP450-mediated reactions (Treinen-Moslen 

2001). However, since the lesions in the ground squirrel samples were scattered 

throughout the hepatocytes, rather than appearing consistently in the centro lobular region 

(zone 3) where most of the cytochrome P450 activity is located (Treinen-Maslen 2001), 

the observed pathology may have another cause. For the lung, kidney, and heart, the lack 

of relationship between lesions in those tissues and industry exposure may be due to their 

relatively lower metabolic capacity, the route and amount of toxicant uptake, or possibly 

the more limited number of samples examined. Larger sample sizes may be necessary in 

order to distinguish pathological responses that develop spontaneously with age from 

those related to contaminant exposure. 

The increase in liver lesions with gas flaring, in ground squirrels that are mostly 

from one to three years old (Michener 1989), is of concern for more long-lived wildlife 

species as well as for livestock and humans. Flaring is used to dispose of unmarketable 

natural gas waste, a process with variable combustion efficiency due to factors such as 

poor flare design, suboptimal operating conditions, and variable composition of the fuel 

(Strosher 2000). Certain byproducts of incomplete combustion, particularly PAHs, have 

genotoxic properties that may be ultimately manifested as tumours and disease (IPCS 

1998). While no neoplastic lesions were observed in the ground squirrels, such lesions 

may be more likely to occur in longer-lived animals where genetic defects may 

accumulate over time. Other cellular alterations in the liver, such as the inflammation and 

degeneration observed in many ground squirrel samples, may lead to impaired hepatic 

function. That ground squirrel body weight (among the adult females examined) was a 
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significant covariable in the association between liver lesions and gas flaring supports the 

increase in potential hepatoxicity with age. Though it is not possible to determine the 

precise cause of the liver lesions observed, their association with petroleum emissions 

exposure deserves further investigation of the nature of the pathological effects, as well 

as their incidence in male as well as female animals. 

Ground squirrel body condition (body weight or size ratio) was unrelated to 

exposure to airborne emissions from petroleum field facilities. With the drought affecting 

pasture growth on much of the Canadian prairies in 2002, average adult body weights in 

May and June (around 395 g) were more similar to weights reported for this species in 

the spring (around 405 g) than in the fall (around 485 g; Banfield 1974). However, body 

weight, being affected by both structural size and physiological condition, will change 

substantially over the summer in preparation for hibernation, particularly in juveniles. For 

both body weight and size ratio, only age class and gender were significant predictors. 

Male ground squirrels were larger than females by almost 1 00 g, which is a reflection of 

the genders' different reproductive strategies. Having a large body size, including 

substantial fat deposits, is advantageous to male Richardson's ground squirrels for 

driving away competitors during the mating season, an activity that is a drain on energy 

stores (Michener 1998). Accordingly, juvenile males complete their growth to adult size 

in their first summer by delaying entry into hibernation, and emerge in the spring with 

considerable fat stores by subsisting on seeds cached in the hibernaculum (Michener 

1998). Females, in contrast, attain only 80o/o of adult size in the first active season, 

completing growth during pregnancy the following spring (Michener 1998). Once female 

ground squirrels attain adult size, body mass is more strongly associated with body 

condition (Dobson and Michener 1995). Body condition (energy reserves) can have 

important fitness consequences, but can be difficult to assess, especially when size is 

measured externally rather than with skeletal measurements. Some authors (e.g. Jakob et 

al. 1996) recommend that the residual index (the residuals of a regression of body mass 

on body size) is a better condition estimate. Given that body size and fat stores in 

Richardson's ground squirrels vary substantially over the course of the active season, and 

in different ways depending on gender, they are probably less useful as markers of toxic 

effect. 
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Analysis of leukocyte numbers did reveal that some components were elevated in 

ground squirrels exposed to large petroleum facilities. Ground squirrels exposed to 

flaring from gas plants, in the presence of gas gathering systems, had increased total 

WBC counts. Lymphocyte counts, in particular, were also elevated in the presence of gas 

plants, and to a greater degree in juveniles than in adult ground squirrels. It is difficult to 

speculate the cause of the observed leukocytosis, though it may be a direct effect of 

contaminant exposure. Rats exposed to 1 0 ppm of sulfur dioxide, a combustion product 

in sour gas flares (Strosher 2000), for one hour per day over 45 days had significantly 

increased WBC counts (Etlik et al. 1997), as did rats exposed subchronically to 782 ppm 

ethylbenzene (Cragg et al. 1989). Exposure to benzene and PARs, in contrast, is more 

commonly associated with decreased blood cell numbers (ATSDR 1989, IPCS 1993, 

ATSDR 1995b). Decreased WBC counts in response to petroleum hydrocarbon 

contamination have been reported in field studies using cotton rats (McMurry et al. 1999, 

Wilson et al. 2003). 

White blood cell counts may be influenced by a number of other factors as well as 

toxicant exposure, including the site of blood collection, time of day, season, age, gender, 

and stress (McClure 1999, Thrall2004). While most blood samples were collected from 

the caudal vena cava, in a few cases blood was drawn from the heart, a site associated 

with decreased WBC counts in rats (Thrall 2004). In addition, peripheral leukocyte 

numbers have a distinct circadian rhythm, decreasing during the dark phase (Thrall 

2004), and in hibernating wildlife leukopenia may be dramatic (Larkin et al. 1972, Nansel 

and Knoche 1972, Spurrier and Dawe 1973, McClure 1999, Toien et al. 2001). 

Lymphocyte counts typically decrease with age in rodents, with a concomitant increase in 

neutrophil counts (McClure 1999, Thrall2004), a trend observed in the ground squirrels 

in this study. Unlike some reports of other rodent species, no gender-related differences 

in the leukogram were observed in the present study. A final factor known to influence 

circulating WBC numbers is stress (Kerr 2002, Thrall 2004 ). Many different types of 

stressors may induce a 'physiological leukocytosis', in which WBCs (commonly 

neutrophils, but also lymphocytes in some species) sequestered in collapsed capillary 

beds are returned to circulation (Kerr 2002). Lymphocytosis is fairly uncommon from a 

clinical perspective, occurring sometimes from a chronic infection or in lymphocytic 
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leukemias (Duncan et al. 1994, Kerr 2002). Contaminant exposure may be indirectly 

influencing lymphocyte counts in ground squirrels if the toxicants are suppressing 

immune function, leading to increased incidence of low-level infections. 

Total WBC concentrations observed in this study were lower than those reported 

for other members of the squirrel family (Sciuridae ), although the proportions of different 

cell types were within reported ranges. Establishing "normal" ranges for hematological 

parameters in wild-caught species can be difficult. Sample size or range of genetic 

diversity may be limited, and assumptions are often made about individual animals' 

health status based primarily on outward appearance with no history. With regard to the 

present study, it is possible that the procedure used to separate and isolate WBCs led to 

the loss of some cells. Total WBC counts were made in conjunction with assessment of 

cell viability prior to performing the comet assay (Chapter 3). When isolating WBCs for 

counting, relatively longer lysis times-compared to standard protocols for domestic 

animals-were required to lyse the red blood cells, which may have destroyed some 

fragile white cells. In addition, the small portable centrifuge used may have not 

adequately pelleted all WBCs in the samples, causing underestimation of WBC 

concentration. Underestimation of total WBC concentration may also result from manual 

counting with a hemacytometer, compared with use of automated cell counting 

equipment. 

4.5 Conclusions 

In field studies investigating exposure to complex mixtures of contaminants, the 

assessment of nonspecific responses in sentinel species may be valuable for screening for 

potential adverse health effects. The biomarkers evaluated in the present study were 

histopathology, body condition, and leukocyte counts. The incidence of histopathological 

lesions in the liver, but not in the lung, kidney, and heart, was significantly increased in 

ground squirrels exposed to flaring from gas plants. Body condition in small mammals 

can be difficult to determine, and since body size and fat stores in Richardson's ground 

squirrels vary substantially over the course of the active season, and in different ways 

depending on gender, body condition appears to be a less useful biomarker. Total 

leukocyte counts and lymphocyte counts, however, were increased with exposure to large 

petroleum facilities. These results suggest that airborne emissions from gas processing 
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plants and gas gathering systems may have effects on the liver and the hematologic and 

immune systems, requiring further investigations to assess potential health risks of 

emissions exposure to rural communities and wildlife and to ensure sustainable use of 

petroleum resources. 

150 



CHAPTERS 

GENERAL DISCUSSION 

5.1 Fulfillment of Research Objectives 

The purpose of this research was to assess whether chronic exposure to airborne 

emissions from petroleum field facilities is damaging to the genetic make-up of a 

representative small mammal, Richardson's ground squirrel (Spermophilus richardsonii). 

The progression of genotoxic effects was evaluated using four biological endpoints. 

Hepatic cytochrome P450 (CYP450) enzyme activity was measured with the 7-

ethoxyresorufin 0-deethylase (EROD) and 7 -methoxyresorufin 0-deethylase (MROD) 

assays, respectively, to look for increased metabolism of polycyclic aromatic 

hydrocarbons (PAHs) and other hydrocarbons to intermediates that may react with DNA. 

Primary DNA damage, reflected by the relative degree of DNA strand breakage, was 

assessed with the comet assay, while chromosomal damage was evaluated by flow 

cytometric DNA analysis. Finally, selected tissues were examined histopathologically to 

determine if genetic damage was manifested as anatomical changes at the cellular level. 

In addition, information on body condition and white blood cell counts was collected for 

use as general health indicators. 

A number of these biomarkers were altered in ground squirrels exposed to 

airborne emissions from oil and gas facilities. Increased hepatic EROD (CYP1A1), but 

not MROD (CYP1A2), activity was associated with gas venting from small facilities (e.g. 

batteries) and the number of oil and gas wells. Increased CYP 1 A 1 activity may be a 

threat to DNA integrity in the liver and other organs if contaminant (e.g. PAH) 

bioactivation exceeds deactivation. Results of the comet assay provided evidence of 

potential primary genetic damage in peripheral leukocytes, as comet tail ratios were 

increased in association with flaring from gas processing plants. This damage may, if 

uncorrected, lead to malignancy, or compromise fertility and reproduction. However, 
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there was no evidence for chromosomal damage, as variation in DNA content (measured 

by flow cytometry) was unrelated to facility exposure. The incidence of lesions in the 

liver, but not in the lung, kidney, or heart, was significantly increased in ground squirrels 

exposed to flaring from gas plants. Among the blood parameters, only total leukocyte 

counts and lymphocyte counts were related to petroleum facility exposure, with both 

outcomes being increased with exposure to large facilities. Therefore, there is evidence 

that ground squirrels living near oil and gas field facilities are experiencing a degree of 

genotoxic and immunotoxic stress and potentially compromised liver function. 

Of the 24 different measures of exposure tested, few were generally significant 

for a given outcome and no single measure of exposure was predictive of all outcomes. 

However, even with the conservative Bonferroni corrections to minimize the potential for 

type I error associated with the multiple outcomes examined, the significant relationships 

between facility exposure and certain biological outcomes were quite strong, when 

present. Moreover, it appears that exposure to emissions from large facilities, in 

particular, appears to carry greater adverse health risks, as indicated by a number of 

relationships of borderline statistical significance in addition to those mentioned 

previously. The small propo.rtion of significant associations with measures of facility 

exposure may result from variability in the contaminant mixture from different sources as 

well as changes in flaring and venting patterns over time. In certain cases, the actual 

contaminant concentrations that ground squirrels living near industry facilities were 

exposed to may also have been too low to induce any health effects. Though not evident 

in the data from the chosen study sites, most flaring is reported in the winter (being 

related to operational upsets in cold weather), when hibernating ground squirrels may be 

less exposed to certain types of contaminants. A shortage of study sites where ground 

squirrels may be exposed to very high levels of emissions likely contributed to a lack of 

statistical power. More consistent associations with different measures of facility 

exposure may be obtained by increasing the sampling of highly exposed ground squirrels 

in order to establish a broader and more balanced range of exposure. 

Since CYPIAI induction and DNA strand breaks were related to different 

measures of exposure, it is difficult to draw a mechanistic link between the two 

endpoints. Increased CYPIAI activity (in the liver and possibly other tissues) could 
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increase the production of reactive intermediates (e.g. ofPAHs), leading to DNA adduct 

formation and other modifications that may appear as strand breaks in blood cell DNA 

under the alkaline conditions of the comet assay. Concurrent increases in CYP1A1 

activity and strand breaks have been reported in the liver of catfish exposed to PAR

contaminated sediments in the laboratory (Di Giulio et al. 1993). Increased PAH-DNA 

adduct formation in association with CYP1A1 induction has also been described, in 

organisms such as fish (Kantoniemi et al. 1996) and rats (Bentsen-Farmen et al. 1999, 

Fouchecourt et al. 1999). The lack of association between CYP1A1 induction and DNA 

strand breaks in the present study may be partly due to the use of different tissues to 

measure effects (i.e. liver and leukocytes, respectively). Different tissues may have 

different sensitivities to the same toxicant, or different temporal response patterns. While 

flow cytometry did not reveal any differences in DNA content (i.e. in the coefficient of 

variation, or CV) among leukocytes as related to petroleum facility exposure, the DNA 

CV has been correlated with CYP 1 A 1 induction in waterbirds inhabiting a polluted 

waterway (Custer et al. 2000). A lack of association between DNA CV and strand breaks 

in this study and in others (Theodorakis et al. 2000) may be due to the fact that 

chromosomal damage, a result of double, rather than single strand breaks, may arise from 

different processes and/or genotoxicants, or require higher levels of exposure than those 

experienced by these ground squirrels. Interestingly, DNA strand breaks in blood cells 

and the incidence of liver lesions were both related to ground squirrel exposure to flaring 

from gas plants. While the liver lesions cannot be attributed with certainty to a genetic 

cause, particularly since no neoplasia was observed, there is an opportunity for DNA 

alterations to build up over time in more long-lived animals such as livestock and 

humans, possibly leading to cellular dysfunction in hepatocytes and other tissues. 

5.2 Relevance to Public Health Concerns 

The driving force behind this study were the concerns of rural western Canadian 

communities that poor air quality in the vicinity of petroleum extraction and processing 

facilities may be adversely affecting their health, as well as the health of their livestock 

and of the environment. Several epidemiological studies have failed to alleviate public 

concern (Dales et al. 1989, Schecter et al. 1989, Spitzer et al. 1989, Schecter et al. 1990), 

and have left many questions unanswered. The results of the present study suggest that 
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ground squirrels living near oil and gas field facilities are at increased risk of genetic 

damage and the function of their immune system and liver may be altered. Because 

ground squirrels spend much of their time (including winter hibernation) in underground 

burrows where exposure to soil contaminants (from atmospheric fallout) and lighter-than

air gases may be reduced, using them as a model species may even underestimate risks to 

humans, heightening potential health concerns. However, extrapolating potential health 

effects in ground squirrels (where most adults in the population are only one to three 

years old; Michener 1989) to longer-lived species such as humans is not a straightforward 

matter. More severe genotoxic responses which require relatively more time to develop, 

such as chromosomal aberrations and pathological lesions, may be more likely to occur in 

longer-lived animals where genetic defects may accumulate over time. Increased 

mutations in somatic cells may lead to cancer and other degenerative diseases, while in 

germ cells fertility and reproduction may be impacted (Shugart 1999). In wildlife, where 

the survival and reproduction of populations is the primary concern, strong selection 

against phenotypic deviation (maladaptation) combined with a large reproductive surplus 

assists in the relatively quick elimination of harmful mutations from the population 

(Wurgler and Kramers 1992). The level of genotoxicant exposure would have to be very 

high in order to have a greater impact on the genetic constitution of the population than 

selection by natural environmental stress (Wurgler and Kramers 1992). In contrast, the 

protection of human health requires different policy objectives to address the fact that the 

health of the individual is the primary concern, and there is usually only weak selection 

against harmful mutations (Wurgler and Kramers 1992). In other words, since even rare 

human health impacts are undesirable, evidence for increased genetic damage in a 

surrogate species is worthy of concern. Recent work with mice exposed in situ to 

atmospheric emissions (including contaminants such as PAHs) from steel mills has 

demonstrated that airborne genotoxicants can increase germline mutation rates (Somers et 

al. 2002). In light of anecdotal reports implicating petroleum emissions as the cause of 

increased congenital defects, miscarriage, and cancer in farm families (Nikiforuk 2001 ), 

further investigations of the long-term effects of exposure are necessary to protect the 

health of the public in oil producing areas. 

154 



5.3 Directions For Future Research 

In order to better understand the health risks of petroleum industry emissions to 

rural communities, further research is recommended on a number of points. First, in order 

to determine whether hepatic CYP1A1 induction is shifting the metabolic balance 

towards increased activation ofPAHs (and other substrates) to DNA-reactive 

intermediates, more information on the detoxification effort (e.g. by Phase II conjugating 

enzymes or CYP2B1 enzymes) is needed. Increased CYP1A1 activity without a 

concomitant increase in the activity of detoxification pathways would present a greater 

risk of genetic damage to hepatocytes and other tissues in the body. The importance of 

age in CYP 1 A induction also warrants further investigation in light of the juveniles' 

apparent sensitivity to contaminant exposure (re: CYP1A1) and/or higher baseline 

activities (re: CYP1A2). Since juveniles were only a small proportion of the ground 

squirrels captured in the present study, a larger sample of this age group should be 

investigated to determine if health risks are greater for the young. When comparing 

different age groups, it would be useful to assess other measures of hepatic function in 

concert with CYP1A activity to account for degenerative changes associated with the 

aging process and/or chronic exposure to hepatoxicants. Furthermore, enzyme induction 

could be evaluated in other tissues as well. Though the liver is the primary site of 

xenobiotic detoxification, CYP1A induction in the skin, intestine, or lung (see Appendix) 

may provide clues about important routes of exposure and attendant risk. 

More information is also required on the possible shift in the equilibrium between 

DNA damage and repair in peripheral leukocytes. Increased DNA strand breaks may be 

evidence of increased DNA damage or altered repair capabilities. In terms of increased 

damage, the concern is not for the increase in strand breaks per se as detected under 

alkaline conditions, but potential increases in DNA modifications (e.g. adducts) which 

may give rise to mutagenic lesions (Theodorakis et al. 2000). Metabolites of P AHs may 

bind covalently to DNA (Santodonato et al. 1981), and an increase in PAH-DNA adducts 

may suggest a mechanistic linkage between DNA adducts and strand breakage and aid in 

the identification of the specific contaminants of genotoxic concern (Shugart et al. 1992). 

On the other side of the equilibrium, the rate of repair of damaged DNA could be 

assessed by measuring induction of repair enzymes (Shugart et al. 2003 ). Increased 
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structural damage to DNA without an increase in the rate of repair would suggest greater 

genotoxic risk. While it is difficult to speculate what effect DNA damage in peripheral 

leukocytes may have on health (especially considering that no leukopenia was observed), 

it may be a marker of similar damage in other tissues in affected individuals (Theodorakis 

et al. 1992). Therefore, future studies might assess DNA damage in tissues other than the 

blood, including germ cells, where genotoxicity may have serious effects on fertility and 

reproduction (Shugart et al. 1992, Shugart and Theodorakis 1996). 

While the focus of this study was on the potential genotoxic effects of exposure to 

petroleum industry emissions, changes in leukocyte counts suggest that exposure may 

also have immunomodulating effects. An immune system under toxic stress may have 

reduced ability to fight infectious disease, and tumor identification and rejection (immune 

surveillance) may be compromised (Burns-Naas et al. 2001 ). An assessment of the effects 

of contaminants from oil and gas field facilities on immune function should screen both 

the humoral and cell-mediated defense systems, and, for ground squirrels, should focus 

on assays that may be performed ex vivo on tissue samples, as individual animals are 

difficult to recapture over time. 

The changes observed in liver enzyme activity, DNA strand breaks, liver lesions, 

and leukocyte counts cannot be attributed to specific contaminants with certainty. 

Polycyclic aromatic hydrocarbons are among the contaminants of greatest concern in the 

emissions, due especially to their genotoxic and immunotoxic properties (Santodonato et 

al. 1981, International Programme on Chemical Safety [IPCS] 1998), as well as their 

relative persistence in the environment (Government of Canada 1994). In the body, PAH 

metabolites are commonly secreted into the bile, where they may be detected 

fluorometrically, providing a sensitive technique to monitor exposure to the parent PAH 

(e.g. Ruddock et al. 2002). Levels ofPAH metabolites in the bile have been correlated 

with CYP1A1 induction (Gagnon and Holdway 2000) and hepatic lesions (Krahn et al. 

1986) in fish. Measuring P AH metabolites in the bile of ground squirrels would help 

determine the bioavailability of P AH contaminants to exposed mammals, and their 

possible contribution to genotoxicity. Contaminants of concern could also be identified 

by chemical analysis of the air and soil, which, while an expensive process, would 

provide a useful comparison between contaminant concentrations, associated health 
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effects in ground squirrels, and air/soil quality guidelines. Understanding which 

contaminants in the emissions present the greatest risks would help target efforts to 

mitigate adverse impacts on public health. 

Among Canadian prairie wildlife species, Richardson's ground squirrels appear to 

be a promising model for assessing human health risks in areas of high oil and gas 

activity due to the animals' relatively close phylogeny to man, their tendency to live in 

small territories in close proximity with human activities, and dietary and fossorial habits 

which integrate exposure from multiple pathways. As a rodent, ground squirrels provide a 

good comparison with conventional laboratory species, yet responses in wildlife are more 

ecologically relevant in terms of genetic diversity. However, for the ground squirrels to 

be an appropriate sentinel for human health, they should act as early warning indicators 

of adverse effects in humans (O'Brien et al. 1993). Therefore, future wildlife studies 

should be complemented with a parallel human health investigation employing the same 

biomarkers (e.g. of genetic damage in blood cells) in order to evaluate relative species 

sensitivities. 
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APPENDIX 

EVALUATION OF PULMONARY CYTOCHROME P4501A 

INDUCTION IN GROUND SQUIRRELS 

Cytochrome P450 (CYP450) enzymes are important metabolic activators and 

deactivators of environmental contaminants. Since the specific isozymes involved in 

biotransformation and the extent to which their activity is induced varies among different 

tissues in different species, it is useful in wildlife studies to evaluate potential 

contaminant-induced responses in tissues most likely to be exposed. Relevant tissues will 

therefore vary as a function of exposure route. In this project, it was originally intended 

to measure cytochrome P4501A (CYP1A) activity in the lung, in addition to the liver, 

using the 7-ethoxyresorufin 0-deethylase (EROD) assay (for CYP1A1) and 7-

methoxyresorufin 0-deethylase (MROD) assay (for CYP1A2; Burke et al. 1994). These 

tissues were chosen because both inhalation and oral exposure pathways are important in 

the study species. 

Lung tissue is active, with regard to xenobiotic metabolism, and pulmonary 

CYP 1 A 1 and CYP 1 A2 activity in ground squirrels may be elevated due to induction 

either directly in response to exposure to inhaled contaminants, or indirectly via exposure 

to contaminants absorbed from the gut into the bloodstream. In the rat, CYP 1 A 1 activity 

in the lung was induced (up to 78-fold) after about 88 hours' exposure to soil 

contaminated with polycyclic aromatic hydrocarbons (Fouchecourt et al. 1999). 

Interestingly, when the rats were maintained above the contaminated soil (i.e. no direct 

contact), CYP1A1 activity was induced 1.25-fold in the lung, but was unchanged in the 

liver, demonstrating the importance of the inhalation route of exposure (Fouchecourt et 

al. 1999). In general, laboratory studies have shown pulmonary CYP1A1 (Fouchecourt 

and Riviere 1995, Iba et al. 1998, Fouchecourt et al. 1999, Billeret et al. 2000, Thapliyal 

et al. 2001) and CYP1A2 (Foy et al. 1996, Iba et al. 1998, Iba and Fung 2001, Thapliyal 

et al. 2001) to be constitutively expressed and inducible in some common rodent models. 
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However, it is unknown whether tissue distributions and activities ofCYP1A1 and 

CYP 1 A2 in wild rodents are similar to patterns in laboratory models. To date, most 

studies of wild rodents only evaluated CYP 1 A activity in the liver (Elangbam et al. 

1989a,b & 1991, Schrenk et al. 1991, Lubet et al. 1992, Simmons and McKee 1992, 

Bhatia et al. 1994, Lochmiller et al. 1999, Carlson et al. 2003). 

The overall goal of the present study was to assess EROD (CYP1A1) and MROD 

(CYP1A2) activity in the ground squirrel lung, to determine if induction is related to 

chronic exposure to airborne emissions from petroleum field facilities. The purpose of 

this experiment was to test the protocol for the EROD and MROD assays with lung 

samples from healthy animals, to optimize assay conditions. 

Materials and Methods 

In the spring of2003 (subsequent to the main study), two Richardson's ground 

squirrels (Spermophilus richardsonii) were live-trapped at a farm site south of Saskatoon, 

Saskatchewan, Canada (52° 10' N, 106° 41' W). Captured ground squirrels were 

anesthetized on-site with halothane gas (MTC Pharmaceuticals, Cambridge, ON, 

Canada), followed by intraperitoneal injection of a mixture of 90 mg/ml ketamine 

(Vetrepharm Canada Inc., Beileville, ON, Canada) and 2 mg/ml xylazine (Bayer Inc., 

Toronto, ON, Canada). The ketamine/xylazine combination was given to effect, with the 

average dose required to induce anesthesia being about 710 and 16 mg/kg, respectively. 

The animals were euthanized by exsanguination while anesthetized, and the lungs were 

excised and a portion was frozen immediately in liquid N2 in 1.8 ml cryovials (Nalge 

Nunc International, Rochester, NY, USA). Samples were subsequently transferred to an 

ultracold (-70°C) freezer pending enzyme activity analysis. The use of animals in this 

research was approved by the University of Saskatchewan Committee on Animal Care 

and Supply, and was in accordance with guidelines established by the Canadian Council 

on Animal Care. 

Pulmonary CYP1A1 and CYP1A2 activities were determined 

spectrofluorometrically with the EROD and MROD assays, respectively, using the 

protocol of Trudeau and Maisonneuve (2001), based on Kennedy and Jones (1994). 

These assays evaluate enzyme activity ofmicrosomes (small vesicles made from smooth 

endoplasmic reticulum) by measuring the appearance ofresorufin (a fluorescent product) 
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from the respective substrates, 7 -ethoxyresorufin and 7 -methoxyresorufin. Except where 

noted, all reagents and laboratory disposables were purchased from either VWR 

International (Mississauga, ON, Canada) or Sigma-Aldrich Canada Ltd. (Oakville, ON, 

Canada). 

Lung microsomes were prepared by differential centrifugation. Briefly, 0.5-0.6 g 

ww of lung was minced with a scalpel and homogenized in a 2 ml Safe-Grind® Potter

Elvehjem tissue grinder (Wheaton Science Products, Millville, NJ, USA) containing 5.5 

ml of0.02 M HEPES buffer (0.15 M KCl, pH 7.5) on ice. Homogenates were transferred 

to Beckman thick-walled polycarbonate ultracentrifuge tubes (VWR International) and 

centrifuged at 12,000 g for 20 minutes (4°C) in a Beckman L8-55 ultracentifuge 

(Beckman Intruments Inc., Mississauga, ON, Canada). Supernatants were further 

centrifuged at 105,000 g for 60 minutes ( 4°C). The pelleted microsomes were washed and 

resuspended in 600 J.ll of0.05 M Tris buffer (1 mM EDTA, 1 mM dithiothreitol, 20% v/v 

glycerol, pH 7.4). Aliquots were frozen at -70°C for subsequent enzyme activity 

measurement using the EROD and MROD assays. 

The EROD and MROD assays were performed in triplicate in Nunc Microwell 

96-well polystyrene plates (VWR International). Light-sensitive steps were conducted in 

dim light. Working solutions were prepared using a 0.05 M sodium phosphate buffer 

containing 5 mM MgCh (pH 8.0). The EROD reaction mixture in the wells consisted of 2 

J.lM (or 5 J..LM) 7-ethoxyresorufin, 0.5 mM NADPH, and an aliquot of microsome 

preparation (thawed on ice), with phosphate buffer added to reach a final volume of 140 

J.ll. Volumes of microsome suspension tested were a dilution series between 2.5 - 40 J.ll. 

The MROD reaction mixture contained 2 J.lM (or 5 J..LM) 7 -methoxyresorufin in place of 

7-ethoxyresorufin, but was otherwise identical to the EROD assay. Experimental blanks 

consisted of the reaction mixture minus NADPH. The plates were incubated at 37°C for 

1 0 minutes before the reaction was arrested by the addition of 60 J.ll/well of 2.16 mM 

fluorescamine in acetonitrile. 

Resorufin formation was measured using an MFX Microtitre Plate Fluorometer 

(Dynex Technologies, Chantilly, VA, USA) with an excitation wavelength of 530 nm and 

emission wavelength of 590 nm and a resorufin standard curve, and corrected for blank 

fluorescence. Resorufin standards consisted of 0, 12.5, 25, 50, 100, 200, 400, and 800 nM 

181 



resorufin with 21-1M 7-ethoxyresorufin or 7-methoxyresorufin in phosphate buffer. 

Microsomal protein content was measured concurrently (Kennedy and Jones 1994) using 

a bovine serum albumin standard curve (0, 10.9, 21.8, 43.75, 87.5, 175, 350, and 700 

J.lg/ml plus 0.5 mM NADPH in phosphate buffer) and excitation and emission 

wavelengths of 390 nm and 460 nm, respectively. Enzyme activities were expressed as 

picomoles resorufin formed per minute per milligram microsomal protein. 

Results and Discussion 

Neither CYP1A1 nor CYP1A2 enzyme activity was detected at a measureable 

level in the lungs of Richardson's ground squirrels. This absence of activity did not 

results from lack of microsomal enzymes, as the protein levels measured in the lung 

sample wells were similar to those from liver samples, where enzyme activity was 

successfully measured (Chapter 2). Volumes of lung microsomes tested ranged from 2.5 

to 40 J.ll, while the final volume of liver microsomes used for both EROD and MROD 

was 20 J.ll after 1:5 dilution in phosphate buffer. In rodent studies evaluating CYP1A 

induction in both the liver and lung, some investigators used exactly the same procedure 

for the two tissues (Fouchecourt and Riviere 1995), while others made some 

modifications for the lung. Billeret and colleagues (2000) increased the substrate (7-

ethoxyresorufin) concentration from 1 J.lM to 5 J..LM, while Iba and others (1998) and 

Thapliyal and co-workers (2001) used twice as much microsomal protein for the lung as 

for the liver. Increasing the substrate concentration from 2 J.lM to 5 J.lM did not alter the 

findings of this experiment, and, as described above, a lack of microsomal protein did not 

appear to be the problem. 

It is possible that CYP1A1 and CYP1A2 isozymes simply may not be 

constitutively expressed in the lungs of these rodents. An in situ hybridization study was 

unable to detect basal levels of either 3-methylcholanthrene-inducible CYP1A1 or 

CYP1A2 mRNA expression in the lungs of mice (Dey et al. 1999). Alternatively, it is 

possible that, under the conditions tested, the assays were not sensitive enough to detect 

constitutive activity in healthy ground squirrels. In rats, normal pulmonary EROD 

activity is believed to be low in unexposed animals, on the order of about 0.5 to 2 

pmol/min/mg protein (Fouchecourt et al. 1999). Compared to the liver, baseline activities 

in the lung have been found to be relatively lower (Iba et al. 1998, Fouchecourt et al. 

182 



1999, Billeret et al. 2000). Interestingly, lung enzymes may be more responsive, being 

induced to a greater extent or for a more prolonged duration than liver enzymes (Beebe et 

al. 1992, De Vito et al. 1994, Iba et al. 1998, Fouchecourt et al. 1999). This experiment 

may have had more success had it been possible to test animals after enzyme induction 

by exposure to a positive control substance. 

In future work with ground squirrels, it would be interesting to test other 

extrahepatic tissues for CYP 1 A induction, since isozymes differ in their pattern of 

distribution in the body. In mice, CYP1A1 has a more ubiquitous distribution, perhaps 

because of an endogenous role in critical cellular processes, while the distribution of 

CYP1A2 is mostly restricted to "portals of entry" to the body, and acts primarily to 

metabolize foreign chemicals (Dey et al. 1999). Given the multiple routes by which 

ground squirrels may be exposed to airborne contaminants in vapour and particulate 

form, it may be possible to detect CYP1A induction in other tissues, such as the intestine 

or skin. 
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