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Abstract 

Given ongoing and potential increases in shipment of diluted bitumen (dilbit) out 

of the port of Vancouver, there is a need for toxicity data to assess the impact of 

catastrophic dilbit spillage on wildlife. Peer reviewed literature on dilbit toxicity is limited 

to teleost fish, despite the importance of coastal waters as habitat for diverse bird fauna. 

We used the zebra finch (Taeniopygia guttata) as a tractable, avian model system for 

preliminary studies on Cold Lake blend dilbit. Objectives were to establish methodology 

appropriate for determining dilbit toxicity to birds, determine a range of lethal and 

sublethal doses, and obtain physiological and behavioural endpoints. We conducted 

three 14-day exposure trials with dosages from 0-12 ml dilbit/kg bw day. Mortality was 

associated with mass loss, external oiling, elevated OXY, and decreased pectoral 

muscle mass. In addition, evidence for sub-lethal effects included elevated EROD, 

increased wet gizzard mass, and behavioural changes. 

 

 

Keywords:  Diluted bitumen; zebra finch; subacute toxicity; oral ingestion; 

physiological endpoints; behavioural changes 
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Chapter 1.  
 
Review of Avian Dosing Studies with Conventional 
Crude Oil  

1.1. Introduction 

  Canada’s oil sands deposits in the Western Canada Sedimentary Basin hold at 

least 315 billion barrels of bitumen (Dew et al., 2015) forming the largest oil sands 

deposits globally (Alderman et al., 2017a; Dupuis and Ucan-Marin, 2015). Around 64% of 

all crude oil produced by Canada is bitumen (NEB, 2019) representing a large proportion 

of Canada’s total petroleum production (Dupuis & Ucan-Marin, 2015). Given the ongoing 

and potential increase in shipment of diluted bitumen (dilbit) out of the port of Vancouver, 

B.C., there is a need to assess the impact of both catastrophic dilbit spillage and chronic 

low level seepage on wildlife. An important initial consideration is whether dilbit is similar 

to conventional crude oil in its chemical composition which might predict similar impacts 

in terms of wildlife toxicology. 

 Bitumen is similar to conventional crude oil in that the aromatic fraction is about 

25-32% for both (Woods et al., 2008), potentially indicating that the fraction of PAHs 

(Polycyclic Aromatic Hydrocarbons) in bitumen and crude oil are equivalent. However, a 

comparison of the total fraction parent (unsubstituted PAHs) and alkylated PAHs (PAHs 

substituted with methyl, isopropyl, and alkyl groups) between Scotia Light crude and Cold 

Lake diluted bitumen (dilbit) showed dilbit has higher total PAHs at 5,326 µg/g, as 

compared to Scotia Light crude at 3,434 µg/g (National Academies of Sciences, 

Engineering, and Medicine (NASEM), 2016). Additionally, a comparison of the total US 

EPA 16 Priority PAHs (priority pollutants in terrestrial and aquatic ecosystems known to 

exert toxicity) between the two showed that dilbit has a higher amount at 176 µg/g priority 

PAHs as compared to Scotia Light crude at 139 µg/g (NASEM, 2016). Thus, Cold Lake 

dilbit has more total PAHs and more priority PAHs that are known to exert toxicity than a 

light conventional crude oil; this alone might predict different effects of dilbit on wildlife.  

A second major difference between heavy crude oil and bitumen is that the 

fraction of saturates, resins, and asphaltenes differ; bitumen contains approximately 10% 



2 

more saturates, 6.5% more asphaltenes, and 6% more resins than crude oil (Dew et al., 

2015; Woods et al., 2008). Additionally, metals such as nickel, vanadium, and iron are 

present in the saturate, asphaltene, and resin fraction (NASEM, 2016), and vanadium and 

nickel are potentially toxic heavy metals. Furthermore, vanadium and nickel were 

reported to be significantly higher in dilbit as compared to West Texas intermediate crude 

oil (Bakker, 2011). Consequently, it is quite likely that bitumen contains more metals than 

conventional crude oil, not only because of the comparison to conventional oil mentioned 

above, but because these metals are present in the saturates, resins, and asphaltene 

fractions of conventional crude, and these fractions are all greater in bitumen.  

Contaminants of potential concern in bitumen therefore include naphthenic acids, 

PAHs, and metals (Dew et al., 2015). Naphthenic acids are cytotoxic and possible 

endocrine disruptors but are not considered carcinogenic or mutagenic (Headley & 

McMartin, 2004). The oral LC50 of naphthenic acids in mammals is 3 g/kg body mass 

(Headley & McMartin, 2004). While tree swallow (Tachycineta bicolor) nestlings that orally 

ingested an environmentally relevant dose of naphthenic acids at 0.075 g/kg body mass 

for 6 days had an increase in extramedullary erythropoiesis in the liver, no changes in 

growth, hematocrit, organ weight, or EROD activity occurred (Gentes et al., 2007). 

However, many PAHs are carcinogenic, mutagenic (Manzetti, 2012), and generally 

thought to be the primary predictors of toxicity in conventional crude oil dosing studies 

with fish (Kennedy, 2015). Additionally, mixtures of PAHs and metals elicit more-than-

additive toxicity (Gauthier et al., 2014). Specifically, metals and PAHs mutually disrupt 

their respective major detoxification mechanisms in organisms such as fish (Gauthier et 

al., 2014). For instance, while PAHs are metabolized by the CYP1A sub-family of 

enzymes, numerous studies report a variety of metals downregulate expression of PAH-

induced CYP1A mRNA in fish as reviewed in Gauthier et al., (2014), thus effectively 

inhibiting CYP1A activity. Additionally, PAHs are reported to inhibit metallothionein, a 

cysteine-rich endogenous protein that binds to metals, rendering them unable to exert 

toxicity (Gauthier et al., 2014) in vivo in fishes (Costa et al., 2010; George & Young, 1986; 

Sandvik et al.,1997; Van den Hurk et al., 2000), bivalves (Maria & Bebianno, 2011; Wang 

et al., 2011), and in vitro in trout (Oncorhynchus mykiss) hepatocyte cultures (Risso-de 

Faverney et al., 2000). While the mechanism by which PAHs inhibit metallothionein is 

unclear, it is speculated that PAHs are involved in the downregulation of metallothionein 

transcription (Gauthier et al., 2014). Because dilbit contains more total PAHs than light 
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conventional crude oil and bitumen contains a greater fraction of metals, risk of more-

than-additive toxicity of metal-PAH mixtures is potentially greater in dilbit.  

  Bitumen itself can be diluted into three forms to decrease viscosity for transport 

via pipeline: 1) diluted bitumen (dilbit), 2) synbit (a synthetic light crude and bitumen 

mixture), and 3) dilsynbit (a combination of dilbit and synbit). Dilbit is formed when 

bitumen is diluted with 20-30% natural gas condensates, while synbit is synthetic light 

crude oil (produced via coking or hydrolysis of bitumen to remove larger molecules) 

combined with bitumen in a 50:50 ratio (Crosby et al., 2013).  Dilsynbit is made by diluting 

bitumen with both natural gas condensates and synthetic light crude oil (Crosby et al., 

2013). Consequently, the fraction of volatile organics known as BTEX (Benzene, Toluene, 

Ethylbenzene and Xylene), a sub-group of aromatics, differs amongst each type of diluted 

form because of the diluent itself. There is about 21% more BTEX in dilbit than synbit, 

thus during a dilbit spill more organic compounds will evaporate as compared to a synbit 

spill (Dew et al., 2005), and this could potentially be inhaled by various organisms, 

including birds. Based on these differing diluents, dilbit, synbit, and dilsynbit will 

potentially react differently in water in the event of a spill (Dew et al., 2015).  

 Few studies have investigated the toxicity of BTEX to birds. The combination of 

both benzene and toluene caused decreased cell-mediated immunity in American 

kestrels (Falco sparverius) when inhaled for 1 hour daily for 28 days at 10 and 80 ppm 

(rodent lowest observed adverse effect levels) or at 0.1 and 0.8 ppm (environmentally 

relevant levels) (Olsgard et al., 2009). Additionally, Japanese quail (Coturnix c. japonica) 

and American kestrels (Falco sparverius) inhaling an environmentally relevant mixture of 

0.6 ppm benzene and 1 ppm toluene along with nitrogen dioxide and sulfur dioxide for 

~1.5 hrs for 18-21 days had increased plasma corticosterone but no significant hepatic 

EROD activity or alteration of T and B cell responses (Cruz-Martinez et al., 2015). 

Consequently, at either environmentally relevant levels or at rodent lowest observed 

adverse effect levels, inhaled benzene and toluene mixtures may cause some immune 

related responses in birds but no observed lethality.  

To date, peer-reviewed literature has focused only on the fate of dilbit in water, 

and toxicity studies are limited to dilbit toxicity in fishes. However, hundreds of bird 

species depend on BC’s coastal waters for nesting grounds, migration stopovers, and 

year-round foraging of marine prey, including several listed species of birds (see Chapter 

2). In the event of a dilbit spill on BC’s coast, both terrestrial and marine avifauna will 
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likely be affected. Given the current paucity of studies on dilbit toxicity, below I review oral 

dosing studies of conventional crude oil in avifauna, highlighting endpoints that could 

inform laboratory or wildlife toxicology studies with dilbit.  

Petroleum toxicity from conventional crude oil or dilbit will greatly affect marine 

coastal fauna. Large volumes of petroleum are shipped on coastal waters and extraction 

of oil often occurs near the coast such as offshore drilling (Leighton et al., 1993). 

Seepages and petroleum leaks frequently take place along coastal waters, while more 

rare but catastrophic oil spill events can elicit chronic exposure of coastal fauna to 

harmful petroleum components such as PAHs (Henkel et al., 2012; Bianchini & 

Morrissey, 2018) even 20 years afterwards (Esler et al., 2010).  Consequently, 62% of 

petroleum toxicity literature related to habitat published from 1974-2015 focused on 

coastal biomes (Murphy et al., 2016).  While faunal species richness in global littoral 

communities is understudied, of the well-known groups such as pinnipeds, turtles, and 

birds, avian fauna constitute the vast majority (Martínez et al., 2007; Groombridge and 

Jenkins, 1996).  

Both terrestrial and marine ecosystem monitoring commonly utilizes avifauna as 

indicator species to diagnose ecosystem health (Bower, 2009; Piatt et al., 2007), and 

marine avifauna oilings, injuries, and mortalities comprise a salient feature of oil spills, as 

they make up a prominent and abundant species rich presence (Burger and Fry, 1993; 

Fox et al., 2016). After catastrophic coastal oil spills such as the Torrey Canyon oil spill 

(Kuwait heavy crude oil) in 1967 and the Exxon Valdez oil spill (Prudhoe Bay medium 

crude oil) in 1989, seabird mortality counts numbered around 30,000 birds (Szaro,1977; 

Burger, 1993). More recently, during the Deepwater Horizon oil spill (MC252 light crude 

oil) in 2010, over 6000 marine bird carcasses were counted (USFWS, 2011). 

Furthermore, mortalities are often underestimated and not well documented during 

catastrophic spills. For example, mortalities of seabirds are estimated to be ten times the 

quantity of carcasses found (Burger, 1993). Based on an exposure probability model, it 

was estimated that 200,000 birds died as a result of acute oil exposure from the 

Deepwater Horizon spill (Haney et al., 2014).   

In response to the Exxon Valdez oil spill, laws were developed to better protect 

impacted wildlife such as mandatory environmental assessments on fauna potentially 

affected, and mandatory investigation into cause of oiled faunal deaths (Leighton, 1993). 

These laws generated renewed interest in petroleum toxicity to marine fauna (Leighton, 
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1993). Since around that time, the proportion of papers published specifically on avian 

petroleum toxicity increased from about 60% of biological petroleum toxicity literature to 

comprising approximately 80% by 2015 (Murphy et al., 2016). Avian mortalities due to 

petroleum comprise three main routes of exposure 1) external oiling and the loss of 

insulation and heat due to the coating of feathers in oil, and subsequent starvation and 

drowning, 2) embryonic death due to the coating of egg shells with petroleum, and 3) oral 

ingestion of petroleum via consumption of oiled prey and water, or preening of plumage 

(Leighton, 1993). In Chapter 2 I describe an experimental study looking at effects of dilbit 

exposure via oral ingestion. Therefore, this review will focus on this third route of 

exposure; ingestion of conventional crude oil as means of toxicity since this is most 

relevant to interpretation of the empirical data in Chapter 2.  

1.2. Effects of exposure to conventional crude oil via oral 
ingestion 

1.2.1. Survival 

Many conventional crude oil oral dosing studies conducted in the laboratory report 

survival or lethality endpoints (see citations below). However, it is often difficult to 

compare toxicity between studies as type of crude oil, dosage volume, bird species, route 

of exposure, duration of exposure, and endpoints quantified vary (Leighton et al., 1993). 

Even with standardized volume, route of exposure, and crude oil type, it is difficult to 

discern reasons for lethality (or survival). For example, zebra finches orally dosed with 10 

ml/kg MC252 crude (a light crude oil) for 15 days all survived to the end of their exposure 

(Goodchild et al., 2017), while all cormorants (Phalacrocorax auratus) orally administered 

with 10 ml/kg MC252 crude oil died before the end of a 21 day exposure (Cunningham et 

al., 2017). Whether duration of exposure accounts for lethality or one species was more 

susceptible to petroleum toxicity than the other is difficult to say.  

Generally, however, birds can withstand high dosages of oil in the laboratory, 

diminishing potential lethal effects by quickly regurgitating and excreting the substance. 

For example, mallards (Anas platyrhynchos) withstood single doses of 24 ml/kg diesel oil, 

20 ml/kg lubricating oil, and 7 ml/kg cutting oil (Hartung & Hunt, 1966), and even chronic 

exposure of dietary dosage of 20,000 mg/kg Prudhoe Bay crude (a medium crude oil) 

(Stubblefield et al., 1995). Similarly, western sandpipers (Calidris mauri), laughing gulls 
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(Leucophaeus atricilla), and homing pigeons (Columba livia domestica) dosed with 10 or 

20 ml MC252 crude oil/kg bw day for 4-5 days excreted the crude oil rapidly after dosage, 

confounding determination of sub-lethal effects (Dean et al., 2017). 

Often survival is complicated by route of exposure such as when the toxicant is 

administered in feed. In this case, factors such as toxicity and feeding rate of the test 

organism go hand in hand and cannot be distinguished from one other (Horak et al., 

2017). For example, when MC252 crude oil was injected into fish feed and fed to laughing 

gulls (Leucophaeus atricilla) at approximate dosages of 5 or 10 ml/kg for 27 days, deaths 

in treated groups (5 and 4 deaths respectively) were confounded by a decrease in rate of 

food consumption (Horak et al., 2017). Deaths in this case could have either resulted due 

to starvation or due to toxicity of the oil.  

In the field, obvious acute lethality occurs within hours after disastrous oil spills via 

heavy oiling of plumage, causing hypothermia and drowning (Burger, 1993). Avifauna 

mortalities have been well documented in catastrophic spills such as the Prestige (heavy 

fuel oil), Exxon Valdez (Prudhoe Bay medium crude oil) and Deepwater Horizon (MC252 

light crude) oil spills (Alonso-Alvarez et al., 2007; Barron, 2012; Finch et al., 2011; Piatt & 

Ford, 1996; Zuberogoitia et al., 2006), however some species are more affected than 

others. Birds from the Alcidae family such as murres, auklets, and puffins, as well as 

diving ducks, and penguins are most susceptible to oil spills due to foraging behaviour 

like diving for prey, living near highly utilized shipping lanes, and because they spend 

more time in the water than on land (Szaro, 1977; Vermeer & Anweiler, 1975; Vermeer & 

Vermeer 1975; Frost et al., 1976). Thus generally, these species are found oiled after 

catastrophic spills, and have the highest casualty counts (Szaro, 1977). 

Linking adverse population level effects to chronic exposure of residual oil 

components is more difficult than merely quantifying acute mortalities in the field (Dean et 

al., 2017). Nearly 10 years after the Exxon Valdez oil spill, population level effects from 

the oil spill were still occurring in harlequin ducks (Trust et al., 2000), likely via exposure 

to residual PAHs through consumption of benthic prey such as mussels, which 

bioaccumulate PAHs. Survival of female wintering harlequin ducks (Histrionicus 

histrionicus) was lower in the Exxon Valdez crude oil contaminated Prince William Sound 

as compared to reference populations from 1995-1998 (Esler et al., 2000b), and 

harlequin population densities between 1996 and 1997 in Prince William Sound were 

lower than those in unoiled sites (Esler et al., 2000a).  By 2003, 14 years after the spill, 
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however, population level effects of oil decreased, and survival in harlequin populations 

no longer differed between oiled and reference sites (Esler & Iverson, 2010).  

Given the examples provided above, many factors complicate comparison of 

survival effects between avian crude oil dosing studies published in the literature. It is 

recommended that laboratory dosing study methods, test species, exposure durations, 

and endpoints reported be standardized. One possible reason for the variety of non 

standardized studies is that many avian crude oil dosing studies are conducted following 

large episodic oil spills, using the crude oil from the most recent spill disaster, and dosing 

the test species most likely to have been affected in the major spill. However, 

standardized dosing methods with a standardized species comparing the toxicity of a 

variety of crude oils would be valuable.  

Based on the conventional crude oil examples cited above, it is possible that birds 

will also withstand high dosages of dilbit, at least single oral doses. Because dilbit is 

essentially a crude oil, albeit unconventional, we expect that our birds will likely 

regurgitate and defecate high doses of dilbit. However, as the fraction of properties are 

different between conventional crude oil and dilbit, especially due to the potential for 

greater risk of metal-PAH co-toxicity in dilbit as compared to light crude oil, dilbit may 

potentially cause acute lethality at lower dosages than light crude oil.  

1.2.2. Hemolytic Anemia  

Hemolytic anemia is generally thought to be initiated by damage to red blood cells 

(RBC) via oxidizing agents such as PAHs within petroleum products in the avian and 

mammalian circulatory system (Leighton et al., 1983; Harr et al., 2017; Desnoyers, 2010). 

PAHs are converted into more toxic metabolites through endogenous phase 1 

metabolism processes such as oxidation via the cytochrome P450 enzyme CYP1A 

(Troisi, 2007). These metabolites denature the hemoglobin within red blood cells via 

oxidation, forming Heinz bodies (precipitated hemoglobin inclusions) under the RBC 

membrane, and elicit RBC lysis which reduces circulating oxygen levels (Troisi, 2007). 

Thus, hemolytic anemia is manifested as reduced packed cell volume (PCV) (the 

proportion of RBC in the blood) or hematocrit (a similar measure) changes in hemoglobin 

levels, an increase in reticulocytes (newly formed RBC), and proliferation of Heinz bodies 

(Leighton et al., 1983).  
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Moderate anemia (a decrease in PCV by 20-30%) or severe anemia (a decrease 

in PCV by ≥ 40%) often accompanied by formation of Heinz bodies is commonly reported 

in marine avian dosing studies with crude oils such as Prudhoe Bay (medium crude) and 

MC252 (light crude) for dosages from 5- 20 ml/kg, and exposure durations of 5 - 21 days 

(Leighton et al., 1983; Harr et al., 2017; Dean et al., 2017). Additionally, slight anemia is 

reported in other dosing studies, e.g., a single dose of fuel oil (2g/kg) in waterfowl 

decreased hematocrit by 8-10%, (Hartung & Hunt, 1966). A similar decrease in 

hematocrit was reported in a terrestrial avian study with 10 ml/kg MC252 crude oil over a 

15 day duration (Goodchild et al., 2017). Deaths were reported in double crested 

cormorants with a PCV of less than or equal to 24% when exposed to 5-10 ml/kg MC252 

crude oil for 21 days (Harr et al., 2017).  

However, decreased hematocrit as an indicator of crude oil exposure may be 

species specific. In dosing studies with 5-20 ml/kg MC252 crude oil over 5 to 27 days, 

hematocrit was not affected in laughing gulls (Dean et al., 2017; Horak et al., 2017), or 

homing pigeons (Dean et al., 2017), but did decrease in double crested cormorants 

(Dean et al., 2017; Harr et al., 2017), and zebra finches (Goodchild et al., 2017).  

Slight to severe anemia is also commonly reported in a wide variety of oil-soaked 

wild seabirds rescued after catastrophic or local oil spills. White winged scoters (Melanitta 

deglandi) fully coated with Bunker C oil had ~10% decrease in hematocrit upon rescue 

and were considered anemic (Yamato et al., 1996). Stranded locally oiled Common 

Guillemots (Uria aalge) had a significant dose response relationship between PAHs and 

Heinz bodies in their blood, indicating increased hemolytic anemia as PAHs in plasma 

increase (Troisi et al., 2007). Lightly oiled (≤ 40% covered) seabirds rescued after the 

Deepwater Horizon oil spill (MC252 light crude) were considered moderately anemic as 

compared to reference populations (up to 19% decrease in PCV, 40% higher 

reticulocytes, and presence of Heinz bodies; Fallon et al., 2017). Notably, some seabirds 

from oiled sites that did not have visible oil on their plumage were also considered 

moderately anemic, with similar changes in blood indices as lightly oiled birds (Fallon et 

al., 2017). Consequently, it has been suggested that hemolytic anemia could indicate 

sublethal exposure to oil in the field and be used as a biomarker to quickly determine 

whether seemingly healthy populations have been exposed to oil seepage (Nisbet et al., 

2013). 
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In the wild, however, hemolytic anemia may not always be a good indicator of 

crude oil sub-lethal toxicity, as other factors may be at play. Factors such as low body 

mass (Nisbet et al., 2013), starvation (Duerr et al., 2016), severe dehydration (Duerr et 

al., 2016), or exposure to high wind speeds and storms (Nisbet et al., 2013), will confound 

typical measures of anemia such as hematocrit. For example, during high wind speeds 

and storms it is more energetically costly to fly and more difficult to catch fish (Dunn, 

1973), consequently birds are more likely to lose mass during bad weather conditions, 

reducing overall hematocrit (Nisbet et al., 2013). Moreover, starving oiled common 

murres considered extremely anemic were likely undergoing catabolism, breaking down 

their own blood and organ tissues as a result of late stage starvation, obfuscating 

damage to RBCs from oxidizing agents (Duerr et al., 2016). Therefore, while hemolytic 

anemia could be used as a biomarker to determine oil exposure in wild avian populations, 

it should be used with caution, with the confounding factors above kept in mind.  

The majority of studies cited above report hemolytic anemia as a result of 

exposure to MC252 light crude oil. Hemolytic anemia is induced by PAHs, and there is a 

greater fraction of PAHs in dilbit as compared to light crude oil (NASEM, 2016). 

Therefore, hemolytic anemia may be a valid endpoint to measure in avian dilbit toxicity 

studies. While there is among-species variation in detection of Heinz bodies (Goodchild et 

al., 2017), and Heinz bodies are difficult to detect in zebra finch erythrocytes (Goodchild 

et al., 2017), other measures of hemolytic anemia such as decreased hematocrit and 

hemoglobin may be useful endpoints to ascertain in a dilbit avian toxicity study.  

1.2.3. Changes in Body Mass and Body Composition 

Birds ingesting crude oil whether experimentally, through oral gavage, or naturally, 

through preening of oiled plumage, adjust their food consumption and overall body mass 

in response to exposure in complex ways.  For example, marine birds with 20% of their 

plumage coated in crude oil may increase food consumption, potentially as an attempt to 

counteract heat loss (Cunningham et al., 2017), while others may reduce food 

consumption (Burger & Tsipoura, 1998) possibly as a reaction to ingestion of oil from 

preening (Maggini et al., 2017a). In laboratory oral dosing experiments with 5-10 ml/kg 

MC252 light crude oil, double crested cormorants were hypothermic and reduced food 

consumption over a 21 day exposure (Cunningham et al., 2017), and homing pigeons 

decreased overall body mass over a 5 day exposure (Dean et al., 2017). It is difficult to 
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identify the exact mechanism that causes mass loss or reduction of food consumption, 

however, it is thought that oil ingestion causes irritation of the gastrointestinal tract (Friend 

& Franson, 1999), bleeding (Hartung and Hunt, 1966; Fry and Lowenstine, 1985), or 

edema (Bursian et al., 2015), reducing absorption of nutrients (Frink & Miller, 1995). 

Ingestion and absorption of PAH mixtures alone – a toxic component of both conventional 

crude oil and dilbit - also cause significant mass loss. Doses of up to 1260 µg PAHs /kg 

bw sanderling/ day significantly reduced body mass at 21 days as compared to controls 

(Bianchini & Morrissey, 2018). 

Significant reduction of body mass also occurs in birds that are externally oiled 

and then undergo intense activity, e.g. long flights. During a 2 hr flight in a wind tunnel 

with 30% MC252 oiled plumage, captive western sandpipers (Calidris mauri) lost 

significantly more body mass than controls (Maggini et al., 2017a), and with 20% MC252 

oiled plumage, homing pigeons flying 137 km lost significant mass during flight, even 

failing to recover body mass afterwards (Perez et al., 2017). Failure to recover could 

possibly be due to ingestion of oil through preening during flights and significantly 

increased energetic costs of flight. 

In addition to overall changes in body mass there can be organ-specific changes 

in mass following exposure to crude oil, which may indicate uptake of PAHs and crude oil 

into tissues. During acute exposures with crude oil, it is probable that organs such as the 

liver will increase in mass, becoming inflamed, indicating the onset of biotransformation 

mechanisms initiated in the organism, such as upregulation of liver-concentrated 

enzymes in response to PAHs (Dean et al., 2017). The kidneys are also an important site 

for biotransformation processes, and often increase in mass in response to crude oil 

exposure. For example, relative liver and kidney mass significantly increased in 

cormorants and gulls administered 5-20 ml/kg MC252 crude oil for 5-27 days (Dean et al., 

2017; Horak et al., 2017), increasing with dosage (Horak et al., 2017). Liver mass also 

increased with fuel oil exposure, for example, in mallards (Anas platyrhynchos) orally 

dosed with for five days (Lee et al., 2012). Furthermore, liver mass changes after single 

dosages of oil. Herring gull chicks administered a single oral dose of crude oil (0.2-2 g/kg) 

(Peakall et al., 1982) and adult cormorants administered a single dosage of 20 ml/kg 

MC252 crude oil (Dean et al., 2017) had significantly higher liver mass, possibly 

indicating that upregulation of enzymes concentrated in the liver is relatively fast.   
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In contrast, mass of organs less involved in biotransformation, such as the heart, 

did not change after MC252 crude oil dosage of 10 -20 ml/kg over 5 days in western 

sandpipers, laughing gulls, double crested cormorants, and rock pigeons (Dean et al., 

2017). Additional body composition changes documented in response to crude oils 

include increased adrenal and nasal gland mass in herring gull chicks (Peakall et al., 

1982).  

Because PAH levels in light crude oil are lower that that of dilbit (as cited in the 

introduction), it is possible ingestion of dilbit will cause similar or more pronounced effects 

on organ mass (increased mass) by eliciting similar or greater upregulation of CYP1A 

enzymes once ingested. While considered unconventional, dilbit is classified as a crude 

oil and thus may also cause gastrointestinal irritation and decreases in food consumption 

upon ingestion, thereby resulting in overall body mass loss.  

1.2.4. Oxidative Stress 

Numerous measures of oxidative stress are reported in avian conventional crude 

dosing studies. One endpoint of oxidative stress commonly reported is the antioxidant 

compound glutathione, known to quench free radicals (Pritsos et al., 2017), expressed as 

total glutathione (nmol/mg) oxidized glutathione (nmol/mg) or reduced glutathione 

(nmol/mg). Reduced glutathione, a tripeptide thiol, is a vital intra and extra cellular 

protective antioxidant, and inducible by xenobiotics (Zitka et al., 2012), a key preventer of 

xenobiotic (or endogenous) reactive oxygen species-induced injury (Hayes & Kruger, 

2014). Oxidized glutathione is converted to reduced glutathione by the enzyme 

glutathione reductase, activated in the event of oxidative stress (Zitka et al., 2012). The 

ratio of reduced glutathione to oxidized glutathione in cells (commonly red blood cells or 

hepatocytes) is often used as a marker of toxicity; a healthy and resting cell will have a 

ratio of 100:1 reduced to oxidized glutathione, whereas extreme oxidative stress can 

decrease this ratio to 1:1 (Zitka et al., 2012). However, many studies simply report total, 

oxidized, and reduced glutathione cellular levels.  

Recent measures of oxidative stress from a sequence of experimental trials with 

MC252 light crude oil report significantly increased hepatic antioxidant glutathione activity 

in orally dosed double crested cormorants given 5 or 10 ml/kg crude oil daily for 15 days. 

Specifically, total glutathione and oxidized glutathione increased 3-fold in a dose 
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dependant manner, while reduced glutathione increased 3-fold but not in a dose 

dependant manner (Pritsos et al., 2017; Cunningham et al., 2017; Dean et al., 2017). 

However, when the same crude oil was applied externally on a separate group of 

cormorants (20% of plumage) there was no significant change in oxidized, or reduced 

glutathione levels (Harr et al., 2017; Dean et al., 2017). Additionally, laughing gulls orally 

dosed with 5 or 10 ml/kg crude oil for 27 days had total, oxidized, and reduced 

glutathione that increased 2-3 fold in a dose dependant manner (Horak et al., 2017; Dean 

et al., 2017). Lastly, when western sandpipers were dosed with 1 or 5 ml/kg crude oil for 

20 days there were no significant changes in total, reduced, or oxidized glutathione levels 

(Bursian et al., 2017; Dean et al., 2017). In summary, total, oxidized, and reduced 

glutathione hepatocyte levels increase in response to light crude oil, but are not detectible 

in 1) dermal exposures or 2) when the dosage administrated is 5 ml/kg or under.  

Another commonly reported endpoint used to measure oxidative stress in the liver 

is Trolox equivalents concentration, which determines the total antioxidant capacity of the 

liver (µmol mg per protein) (Bursian et al., 2017; Dean et al., 2017; Harr et al., 2017; 

Pritsos et al., 2017). Trolox reported for the same set of studies above showed 

significantly higher concentration in 1 ml/kg MC252 crude oil dosed western sandpipers 

over 20 days as compared to control but no significant change in the 5 ml/kg group. 

Overall Trolox only increased by 0.02 µmol mg per protein (Bursian et al., 2017). 

However, no change was detected in western sandpipers dosed with 10 and 20 ml/kg 

MC252 crude oil over a 1-5 day period (Dean et al., 2017). In double crested cormorants 

orally dosed with MC252 crude oil for 21 days, total antioxidant capacity of the liver was 

significantly higher in the 10 ml/kg treatment (higher by 0.04 µmol mg per protein) as 

compared to the 5 ml/kg and control treatments (Harr et al., 2017; Pritsos et al., 2017). 

Interestingly, and lastly, total antioxidant capacity was detected in a study involving 

dermal dosing. Cormorants coated every three days over a 15 day trial with MC252 crude 

oil over 20% of their plumage also had significantly higher total antioxidant capacity 

expressed in the liver as compared to controls, but the increase was again small (0.01 

µmol mg per protein) (Harr et al., 2017). In summary, Trolox may be a good indicator of 

overall liver antioxidant capacity for both orally and dermally exposed marine birds but is 

likely not detectable in acute exposures of 5 days or less.  

Conventional crude oil dosing studies commonly report measures of hepatic 

oxidative stress as cited above. Such measures are possible when the liver of bird 
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species tested are large and subsections are easily allocated for different assays. 

However, measuring hepatic oxidative stress on liver fractions of small avian species is 

more difficult, particularly when fractions of the liver are already allocated for PAH 

analysis or saved for assays such as EROD, both of which require a set liver mass for 

proper analysis. We did expect to see an increase in oxidative stress endpoints in the 

present study, however, as the average wet mass of a zebra finch liver is only about 0.5 

grams (Williams & Martyniuk, 2000), we utilized a partial measure of oxidative stress, that 

of the non-enzymatic antioxidant capacity in plasma (OXY-Adsorbent test; mmol l-1 HOCl 

neutralized), (Diacron, Grosseto, Italy; Costantini and Dell’Omo, 2006). The OXY-

Adsorbent test assesses the power of non-enzymatic antioxidant compounds in plasma to 

oppose the oxidant action of hypochlorous acid (Beamonte-Barrientos & Verhulst, 2013). 

It is measured in tandem with the d-ROMs test (Diacron, Grosseto, Italy; Costantini and 

Dell’Omo, 2006), which estimates the plasma concentration of reactive oxygen 

metabolites such as intermediate oxidative damage molecules, for instance circulating 

hydroperoxides produced from peroxidation of lipids (Beamonte-Barrientos & Verhulst, 

2013). The OXY and dROMs assays have been modified for use of avian plasma 

(Costantini & Dell'Omo, 2006; Costantini et al., 2007; Beamonte-Barrientos & Verhulst, 

2013; Tissier et al., 2014; Beaulieu et al., 2017), and the ratio between OXY and dROMs 

is commonly quantified as a measure of oxidative stress in birds (Costantini et al., 2007; 

Huber et al., 2017). 

1.2.5. EROD Activity  

The cytochrome P450 enzyme family (CYP450) is primarily expressed in the liver 

and heavily involved in biotransformation of both xenobiotics and endogenous 

compounds.  It is well known that when vertebrates such as fish, otters, and birds are 

exposed to oil hydrocarbons such as PAHs, CYP1A sub-family enzymes are quickly 

upregulated (Peakall et al., 1989; Ben-David et al., 2001; Miles et al., 2007; Woodin et al., 

1997). Upon exposure, PAHs will bind to a cytosolic aryl hydrocarbon receptor (AhR) 

inducing transcription of CYP1A (Rainio et al., 2012; Bianchini & Morrissey, 2018); 

specifically, CYP1A1 in fish and sea otters, and CYP1A4 and CYP1A5 in birds (Kubota et 

al., 2006; Esler et al., 2010).   

One method of determining the rate of metabolic CYP1A activity is through 

measurement of hepatic ethoxyresorufin-O-deethylase (EROD) activity, as the CYP1A-
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catalyzed O-dealkylation rate of ethoxyresorufin is a direct though not completely specific 

indicator of CYP1A activity rate (Alexander et al., 2017). EROD activity describes the rate 

of CYP1A-mediated de-ethylation of the substrate 7-ethoxyresorufin to form the product 

resorufin. The catalytic activity towards this substrate is an indication of the amount of 

enzyme present and is measured as the concentration of resorufin produced per 

milligrams protein per minute (mol/mg/min) (Kennedy and Jones 1994).  EROD activity is 

commonly used as a proxy for CYP1A activity and seen as a sensitive biomarker for 

exposure of oil hydrocarbons in birds (Trust et al., 2000; Bianchini & Morrissey, 2018; 

Esler et al., 2010; Head & Kennedy, 2007).  

In the laboratory upon exposure to crude oil EROD activity is quickly induced. For 

instance, a single oral dose of Prudhoe Bay crude oil significantly induced EROD activity 

in Atlantic puffins (Fratercula arctica) and herring gulls (Larus argentatus) (Peakall et al., 

1987; Peakall et al., 1989). Similarly, EROD is also upregulated in multi-dosing trials. Oral 

dosages of 10-20 ml/kg MC252 crude oil for a 5-21 day duration significantly induced 

hepatic EROD activity in double crested cormorants (Alexander et al., 2017). During the 

12-15 day duration, the 10 ml/kg treatment had on average 56.9 (± 28.0) pmol/min/mg 

protein, and during the 21 day trial the 5 ml/kg treatment had on average 39.7 (± 12.7) 

pmol/min/mg protein. Control baseline activity for both trials averaged 15.2 (± 19.0) 

pmol/min/mg protein (Alexander et al., 2017). 

 In the field, high hepatic EROD activity in lesser scaup (Aythya affins) from a 

polluted harbour canal was significantly correlated with concentrations of PAHs in scaup 

carcasses and associated with somatic chromosomal damage (Custer et al., 2000). 

Hepatic EROD activity was also used to assess whether harlequin ducks (Histrionicus 

histrionicus) were exposed to residual PAHs after the Exxon Valdez oil spill (Esler et al., 

2010; Trust et al., 2000). Indeed, both 9 and 20 years after the oil spill, harlequin ducks in 

Price William harbour had significantly higher EROD activity as compared to populations 

from reference sites, which was associated with declines in population size (Esler et al., 

2010; Trust et al., 2000). Similarly, in two separate studies, hepatic EROD activity in 

Barrow’s Goldeneye (Bucephala islandica) and Steller’s eider (Polysticta stelleri) 

populations was correlated with PAH bioaccumulation in blue mussel prey samples (Miles 

et al., 2007; Willie et al., 2017). 

EROD activity is clearly useful in laboratory dosing studies for determination of 

whether petroleum hydrocarbons have been absorbed into tissues, particularly when 
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nominal dosage crude oil administered cannot predict actual dosage ingested due to 

regurgitation or defecation by the test organism. EROD is also a useful biomarker in the 

field assisting with detection of residual PAH exposure to avifaunal populations in the 

wild. However, it is difficult to ascertain whether elevated EROD predicts deleterious 

effects on wild populations. Elevated CYP1A could potentially be indicative of deleterious 

effects because CYP1A metabolism is known to promote damage in DNA and tissues. 

Metabolism of specifically PAHs by CYP1A enzymes can form short lived intermediate 

metabolites that are highly reactive with chromosomes, potentially resulting in 

carcinogenesis (Fox, 1993; Trust et al., 2000). Furthermore, CYP1A induction and 

metabolism of xenobiotics can form reactive oxygen species that are known to modify the 

immune and reproductive systems (Schlezinger et al., 2006; Stegeman et al.,1992). 

Consequently, individuals in the wild with elevated EROD levels could potentially be 

experiencing genotoxicity, or deleterious effects on their immune or reproductive systems. 

Alternatively, EROD induction may be simply the organism’s metabolizing enzyme 

response to a xenobiotic challenge and not indicative of any toxicity per se.   

Because dilbit has both a higher fraction of total PAHs and a higher fraction of 

EPA 16 priority PAHs as compared to light crude oil, we expect hepatic EROD activity in 

our dilbit exposed birds to be higher than if they were administered the same dosage of 

light crude oil.  

1.2.6. Behavioural changes 

Oral ingestion of conventional crude oil elicits an array of sub-lethal behavioural 

responses in birds. Typical laboratory dosing study measures include activity behaviours. 

Evidence from a 15 day exposure with 10 ml/kg MC252 light crude oil showed a decrease 

in activity behaviours such as movement and walking in zebra finches, and increased 

lethargy (Goodchild et al., 2017). Similarly, studies using exposure over 21 day with 5 or 

10 ml/kg MC252 light crude oil reported lethargy and heat seeking behaviour in 

cormorants before the end of the dosing trial; additionally, birds were noted to tuck their 

head under their wings, and were unresponsive to stimulus, while controls were alert and 

responsive, (Cunningham et al., 2017; Harr et al., 2017).  

Self-maintenance behaviours are also typically measured in laboratory studies. 

Behaviours such as beak wiping, and preening were altered in zebra finches dosed with 
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10 ml/kg crude oil (Goodchild, 2017). Similarly, Sanderling coated with 20% Nigerian light 

crude oil exhibited significantly increased preening, and bathing behaviours as compared 

to controls (Burger & Tsipoura, 1998). Lastly, homing pigeons coated with 20% MC252 

light crude oil increased preening behaviour (Perez et al., 2017).  

Behavioural food avoidance may also occur in response to crude oil exposure. 

Laughing gulls (Leucophaeus atricilla) fed with MC252 light crude oil injected fish at about 

5 ml/kg for 27 days eventually refused to eat fish, even if they were not always injected 

with oil, ultimately leading to starvation (Horak et al., 2017). Similarly, double crested 

cormorants orally ingesting 5 and 10 ml/kg MC252 light crude oil for 21 days avoided 

eating food (Harr et al., 2017) and zebra finches dosed with 10 ml/kg crude oil modified 

eating behaviours (Goodchild et al., 2017). Behavioural food avoidance also occurs in 

species externally coated with crude oil. For instance, both Sanderling (Calidris alba) 

coated with 20% Nigerian light crude oil (Burger & Tsipoura, 1998), and homing pigeons 

coated with 20% MC252 light crude oil reduced their feed behaviours; this was especially 

emphasized after undergoing long flights (Perez et al., 2017). Conversely, one study with 

mallard (Anas platyrhynchos) ducklings reported they did not avoid feed contaminated 

with 50,000 mg/kg Prudhoe Bay crude oil over a 5 day duration (Stubblefield et al., 1995). 

Thus, behavioural food avoidance commonly occurs in adult avian test species in 

laboratory conventional crude oil dosing studies, but this behaviour may be inconsistent 

when test species are sub-adult, such in juveniles.  

Other reported behavioural changes include altered flight behaviour in western 

sandpipers externally coated with ~30% MC252 light crude oil (Maggini et al., 2017a), as 

well as increased aggression and reduced resting in sanderling externally coated with 

20% Nigerian light crude oil (Burger & Tsipoura, 1998).  

Based on the crude oil dosing literature we expect to see modified behaviours in 

our zebra finches throughout the 14-day exposure. The majority of studies cited above 

used MC252 crude oil also known as Louisiana light sweet crude, with a density of 0.84 

g/ml, much lower than our dilbit density at 0.97 g/ml. Dilbit also has a much higher 

viscosity (270 mPa/s) than light crude oil (1 mPa/s) (NASEM, 2016). Additionally, the 

adhesion or “stickiness,” an important property in the context of spill clean-up, varies 

greatly between the two. Adhesion of dilbit is much higher than light crude oil, at 98 g/m2 

as compared to light crude at 0 g/m2, and after initial weathering, adhesion increases to 

146 g/m2 in dilbit (6% mass loss during initial weathering) whereas light crude oil 
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increases its adhesion by only 2 g/m2 (25% mass loss during initial weathering), (NASEM, 

2016). Since dilbit has a higher density, viscosity, and adhesion than the MC252 light 

crude commonly reported in the avian dosing studies above, we expect more pronounced 

changes in activity, maintenance, and feeding behaviours in our zebra finches. The 

higher density, viscosity, and adhesion of dilbit may make it harder to preen from 

feathers, more difficult to ‘swallow,’ or ‘keep down,’ and will likely stay in the crop for a 

longer time, whereas a light crude oil would travel much more easily from the crop to the 

gizzard.  

1.3. Discussion 

The goal of this brief review of conventional oil exposure studies was to identify 

useful end-points for monitoring effects of dilbit exposure in birds (Chapter 2). The 

majority of crude oil studies cited in this review were based on exposure of MC252 light 

crude, and while extrapolation of endpoints to dilbit may be reasonable due to the fact 

that both dilbit and light crude are essentially categorized as crude oils, there are also 

major differences between the two. Light crude oils have less EPA priority PAHs, and less 

total parent and alkylated PAHs than dilbit (NASEM, 2016). Additionally, dilbit is more 

viscous, more dense, and more adhesive than light crude oil (NASEM, 2016). Dilbit may 

also contain more metals than conventional crude oils, as dilbit has a higher fraction of 

saturates, resins, and asphaltenes than even heavy crude oils (Woods et al., 2008). 

Consequently, risk of more-than-additive toxicity of metal-PAH mixtures is potentially 

greater in dilbit. Furthermore, the reaction of regurgitation by our test species to oral 

gavage of dilbit may be accentuated by the greater viscosity, density, and adhesive 

properties of dilbit, as compared to a light crude oil. Thus, survival rate of our test species 

may be either prolonged, due to greater regurgitation rates or reduced due to the greater 

potential for more-than-additive toxicity of metal-PAH mixtures in dilbit. While Heinz 

bodies are rare in zebra finches, it will be worth looking at the effect of PAH induced 

hemolytic anemia in measures such as hematocrit and hemoglobin. Body mass of our 

finches may drop due to a reduced appetite and changes in feeding behaviours, or 

gastrointestinal irritation. Organs known majorly for their detoxification and 

biotransformation functions such as the liver, may increase in mass due to upregulation of 

enzymes such as CYP1A, glutathione peroxidase, and glutathione reductase. Since there 

is a greater fraction of PAHs in dilbit as compared to light crude oil, and because most 

dosing studies cited in this chapter use light crude oil, we may find our dilbit exposed 
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birds have greater oxidative stress and higher EROD activity than if they were dosed with 

a light crude oil. Lastly, we expect maintenance behaviours such as preening to increase 

due to the greater adhesive properties of dilbit, and also more pronounced changes in 

feeding and activity behaviours.  
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Chapter 2.  
 
Effects of Subacute Exposure to Diluted Bitumen on 
the Survival, Physiology, and Behaviour of the Zebra 
Finch (Taeniopygia guttata) 

2.1. Introduction 

Bitumen is an unconventional crude oil extracted from oil sands deposits globally, 

with some of the largest deposits occurring in Russia, Venezuela, and Kazakhstan 

(Alsaadi et al., 2018; Meyer et al., 2007). Canada’s oil sands deposits in the Western 

Canada Sedimentary Basin are the largest in the world (Alderman et al., 2017a; Dupuis 

and Ucan-Marin, 2015), thought to hold 315 billion barrels of bitumen (Dew et al., 2015). 

While Canada produces a total of 4,577,972 barrels per day of crude oil, 64% of this is 

bitumen (2,911,961 b/d), of which 36% is upgraded to synthetic crude oil, and 63% 

remains as non-upgraded bitumen (NEB, 2019). Thus, bitumen makes up a large 

proportion of Canada’s total petroleum production (Dupuis & Ucan-Marin, 2015). The 

majority of non-upgraded bitumen extracted in Canada is transported via pipeline and the 

minority by rail (Alsaadi et al., 2018; Dew, 2015). While bitumen transported by rail is not 

diluted (termed “neatbit”), bitumen transported by pipeline has natural gas condensate 

added (20-30% condensate, 70-80% bitumen) to decrease viscosity (Alsaadi et al., 2018; 

Dew, 2015; Crosby et al., 2013). The resultant product is referred to as diluted bitumen, 

or dilbit. While crude oil and bitumen may contain similar constituents, the fraction of 

these components are quite different (see Chapter 1). To date few dilbit toxicity studies 

exist (Alderman et al., 2017a; Alderman et al., 2017b; Alsaadi et al., 2018; Gerner et al., 

2017; Madison et al., 2015; Madison et al., 2017) – and these are mainly aquatic studies 

involving fish - and fewer still compare the toxicity of dilbit to crude oil (Philibert et al., 

2016).  

Locally, the Trans Mountain Pipeline transports dilbit and other crude oils from 

Alberta’s oil sands through 1,150 km of pipeline to the Westridge Marine Terminal in 

Burnaby, British Columbia facilitating transportation of up to 300,000 barrels of dilbit, 

synthetic crude, and light crude oil daily (CAPP, 2019). The proposed Trans Mountain 

Pipeline expansion would increase the potential for crude oil transportation, particularly 

heavy crudes such as dilbit nearly three-fold, intensifying tanker traffic on Vancouver’s 
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coast where oil sands products are shipped to the United States and Asia (CAPP, 2019). 

Tanker traffic passes through important habitat for a diverse bird fauna, including both 

marine and terrestrial species, specifically in the Salish Sea. The Salish Sea comprises 

Puget Sound, the Juan de Fuca Strait, and the Strait of Georgia, hosting over 170 avian 

species; of which 72 rely nearly exclusively on its habitat (Crewe et al., 2012; Gaydos and 

Pearson, 2011). Some of these bird populations are already in decline, for instance, 

populations of 14 of the 37 most common avian species that overwinter in the Salish Sea 

have significantly declined since 1970 (Bower, 2009). In addition, the Westridge Marine 

Terminal in Burrard Inlet, specifically Central Harbour is utilized by nine Species At Risk 

Act (SARA)-listed species of concern or threatened species such as the western grebe 

(Aechmophorus occidentalis), barn (Hirundo rustica) and bank swallow (Riparia riparia), 

marbled murrelet (Brachyramphus marmoratus), peregrine falcon (Falco peregrinus), and 

green heron (Butorides virescens), (Hansen & Hartley, 2018; WBT, 2017). Central 

Harbour is also an important habitat for 26 red and blue listed species in British Columbia 

such as Barrow’s goldeneye (Bucephala islandica), surf scoter (Melanitta perspicillata), 

caspian tern (Hydroprogne caspia), purple martin (Progne subis), and double-crested 

cormorant (Phalacrocorax auratus). Overall, Central harbour provides high quality habitat 

for 242 bird species (B.C. Conservation Data Centre 2018; Hansen & Hartley, 2018; 

WBT, 2017). As risk of spillage of transported dilbit grows with intensifying tanker traffic, 

birds in the Salish Sea and Burrard Inlet will be increasingly vulnerable to acute and 

chronic dilbit exposure, an additional stressor to those populations already in decline.  

Since 1968, over 11,000 papers have been published on oil spill research in 

various disciplines including reviews, modelling, chemical, physical, and engineering-

related research, however the largest proportion of these papers is related to biological 

studies which makes up about one third of total oil spill research surveyed (Murphy et al., 

2016). In contrast, there is virtually no information on the toxicity of the unconventional 

crude oil, dilbit, to biological organisms. Specifically, the assessment of dilbit toxicity to 

terrestrial and marine birds in the event of catastrophic spillage is needed. While dilbit is a 

relatively new unconventional crude oil, spillage events have already occurred. For 

example, in 2007, 224,000 litres of a diluted bitumen product called Albanian Heavy 

Synthetic (blend of bitumen and synthetic crude oil) spilled when the Kinder Morgan (now 

Trans Mountain) pipeline ruptured and flowed through the sewer system to Burrard Inlet, 

oiling the shoreline for 15,000 meters (Dew et al., 2015; Federal Government of Canada, 

2013; Stantec, 2012). As a result, 18 birds were oiled including Canada geese (Branta 
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canadensis), gulls, and a pelagic cormorant (Phalacrocorax pelagicus), (Dew et al., 2015; 

Stantec, 2012). In 2010 a larger dilbit spill occurred in the Kalamazoo River, when a 

pipeline ruptured and 3.2 million litres dilbit flowed into the river, oiling at least 170 birds 

(Dew et al., 2015; US EPA, 2013). Catastrophic and even minor spillage could be fatal to 

birds and have long-term chronic effects (Hansen & Hartley, 2018; Short, 2015). An 

exposure study comparing dilbit and conventional crude oil toxicity in zebrafish (Danio 

rerio) embryos determined dilbit toxicity to be less than or equivalent to crude oil (Philibert 

et al., 2016). Interestingly, the fraction of monoaromatic hydrocarbons in dilbit such as 

benzene, toluene, ethylbenzene, and xylene (BTEX) were found to be primary indicators 

of toxicity (Philibert et al., 2016), in contrast to crude oil where the polycyclic aromatic 

hydrocarbon (PAH) fraction is generally indicative of toxicity (Kennedy, 2015). Therefore 

dilbit may be less toxic than conventional crude oil, at least to fishes, as the fraction of 

monoaromatic hydrocarbons persist in the water column for a shorter amount of time than 

PAHs (Madison et al., 2017). However, clearly further studies are required on a wider 

range of marine and terrestrial wildlife. 

 Here we conducted a study of the acute effects of exposure to diluted bitumen in 

the zebra finch, a routine lab model and an increasingly important model species in 

toxicological studies (Albert et al., 2008; Currier et al., 2013; Eng et al., 2012; Eng et al., 

2013a; Eng et al., 2013b; Gill et al., 2004; Goodchild et al., 2017; Lewis et al., 2013; 

Moore et al., 2014; Morran et al., 2018; Winter et al., 2013; Yu et al., 2016). The main 

objectives of this study were to 1) establish methods for evaluating toxicity of dilbit to 

adult birds, 2) establish a range of doses at which sublethal effects occur, as well as LD50 

values, and 3) determine physiological and behavioural endpoints that can be utilized for 

future studies. 

2.2. Materials and Methods 

2.2.1. Zebra Finch Husbandry 

Dosing studies were conducted in the Animal Care Facility at Simon Fraser 

University, Burnaby, British Columbia, where a colony of captive zebra finches has been 

housed for the past 25 years. Up to 7 birds were housed in a double-sized cage (100 x 39 

x 43 cm). Finches were kept under controlled temperatures of 19-23°C, humidity of 35-

55%, and a photoperiod cycle of 14 hrs light: 10 hrs dark. The diet consisted of mixed 
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seeds (panicum and white millet 1:2; 11.7% protein, 0.6% lipid, and 84.3% carbohydrate 

by dry mass), water, grit, and cuttlefish bone ad libitum. A multivitamin supplement was 

administered weekly in drinking water. Dosing experiments were carried out under a 

Simon Fraser University Animal Committee Permit (1268B-18) according to guidelines of 

the Canadian Committee on Animal Care.  

2.2.2. Determination of Dilbit Dosage  

Given the absence of data on dilbit toxicity in birds we used information from 

conventional crude oiling studies to determine our dosing levels. Previous studies 

suggest that birds can tolerate relative high doses of conventional crude oil during acute 

exposures, excreting it rapidly after administration. For example, Hartung & Hunt (1966) 

gavaged ducks with various oils, determining they could withstand a single non-lethal 

dose of up to 24 ml/kg diesel oil, 20 ml/kg lubricating oil, and 7 ml/kg cutting oil. Similarly, 

Dean et al., (2017) failed to elicit sub-lethal effects after dosing western sandpipers 

(Calidris mauri), laughing gulls (Leucophaeus atricilla), and homing pigeons (Columba 

livia domestica) with 10- or 20-ml crude oil/kg bw day in a food bolus for 4-5 days, as 

birds excreted the crude oil rapidly after dosage. However, in an unpublished study 

Goodchild (2017) observed measurable sub-lethal physiological and behavioural changes 

in zebra finches dosed with an egg yolk and crude oil mixture for 15 days at 3.3 and 10 

ml/kg bw day. 

Based on those studies we decided on doses of 0 and 8 ml dilbit / kg bw day with 

a duration of 14 days for the first range-finding trial. Following Goodchild’s method 

(personal communication) we mixed dilbit with boiled egg yolk to reduce risk of 

regurgitation. Since there were no mortalities or signs of severe sickness in the 8 ml/kg 

exposure after 14 days, we continued to our second trial, adding an additional treatment 

group of 12 ml/kg bw day. Because we discovered that 12 ml/kg bw day was a lethal 

dose that resulted in 100% mortality, we then conducted a third trial with doses <12 ml/ 

kg. These included 0, 2, 4, 6, and 10 ml/kg. Since all studies were conducted in the same 

standardised conditions such as room, temperature, humidity, lighting, food, and vitamin 

supplement, we pooled data from all three studies but included ‘trial’ as a random factor 

(see below).  
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2.2.3. Dilbit Slurry Preparation 

We obtained 500 ml Cold Lake Winter Blend diluted bitumen from G. Tomy 

(University of Manitoba) and V. Palace (Experimental Lakes Area, Winnipeg, Canada). 

An aliquot of dilbit was placed in a glass jar wrapped in aluminum foil and weathered for 

approximately 36 hours at room temperature (18-20°C) in a fume hood before use 

(weathering was requested by Animal Care Facilities). Slurry was made by mixing diluted 

bitumen with boiled egg yolk and organic safflower oil with a mortar and pestle until 

homogenized (~3 mins). For the 8 ml/kg dose, the slurry ratio was 1: 0.75: 0.75 dilbit to 

egg yolk to safflower oil. Approximately 0.4 g dilbit, 0.3 g egg yolk, and 0.3 g safflower oil 

made up 1 ml of the 8 ml/kg slurry. For the 12 ml/kg dosage, the slurry ratio was 1: 0.5: 

0.17 dilbit to egg yolk to safflower oil. Approximately 0.6 g dilbit, 0.3 g egg yolk, and 0.1 g 

safflower oil made up 1 ml of the 12 ml/kg dose slurry. Components of slurry for additional 

dosages can be found in Table A3.  

Once a homogenous dilbit mixture was made, the slurry was scraped into a sterile 

10 ml syringe (BD 10ml Syringe Luer-Lok™Tip, Becton, Dickinson and Company) and 

then carefully transferred into multiple sterile 1 ml syringes (BD 1ml Syringe Luer-

Lok™Tip, Becton, Dickinson and Company) avoiding creation of any air bubbles. One ml 

syringes were weighed and the volume of slurry in each syringe was estimated using the 

graduated lines marked on the syringe. Thus, with a mass and volume estimate, slurry 

density was calculated per 1 ml syringe. This was done for the first six 1 ml syringes 

loaded to determine an average density slurry per batch. Fresh slurry was made every 

one to two weeks as needed, ensuring the egg yolk component of the mixture did not 

expire.   

A vehicle control was made up in the same way as the dilbit slurry. Control slurry 

was a mixture of boiled egg yolk and organic safflower oil. One ml of vehicle control 

contained approximately 0.7 g safflower oil and 0.3 g egg yolk. Average control slurry 

density was calculated as described above.  

2.2.4. Dilbit Slurry Dosing  

Healthy adult male finches (≥14 g body mass) were divided randomly into double-

cages (100 x 39 x 43 cm) housing six or seven finches per cage. During the first trial 

finches were split into an 8 ml/kg dose (n= 6), and control treatment (n=6), while in the 
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second trial finches were split into an 8 ml/kg dose (n= 6), 12 ml/kg dose (n= 6), and 

control treatment (n= 6). In the third trial finches were split into control (n=4), 2 ml/kg 

(n=7), 4 ml/kg (n=7), 6 ml/kg (n=7), and 10 ml/kg (n=7) treatment groups. During all trials 

the control cage was stacked either above exposure cages or an adequate distance away 

from exposure cages to ensure no cross contamination of dilbit. Finches were introduced 

into respective cages one week before each exposure trial to adjust to their new housing.  

Once dosing commenced, cages were wheeled into a neighbouring room where 

birds were dosed by hand in a laboratory fume hood. Finches were dosed twice a day at 

approximately 9:00 and 15:00 during the 14-day acute exposure, according to their 

respective treatment group. Directly before dosing, body mass was recorded, and dosage 

of slurry calculated based on the bird’s current mass and the density of the current slurry 

batch. For example, a finch with a morning mass of 14.6 g receiving an 8 ml/kg bw/day 

dosage with a slurry density of 0.961 g/ml was administered 0.15 ml slurry. An example 

reference table of ml dosage administered per gram bird is attached (Table A2), as well 

as example calculations that contributed to formulation of the reference table (Table A1). 

Birds were dosed via oral gavage into the crop. Dosing apparatus consisted of a 1 

mL syringe (BD 1 ml Syringe Luer-Lok™Tip, Becton, Dickinson and Company) attached 

to a small polypropylene feeding tube 30 millimetres long, gauge 20 (FTP-20-30-50, 

Instech Laboratories, Inc). A zebra finch’s crop is visible by pushing back the feathers on 

the bird’s nape. As the skin is translucent, the tip of the feeding tube could easily be seen 

in the crop as well as the slurry entering. In this way we ensured the feeding tube was not 

inserted into the bird’s trachea whereby slurry could enter the lungs. Graduations on 1 ml 

syringes allowed for estimation of dosage up to the nearest 100th ml. Dosage was marked 

with a metallic fine-tipped sharpie to the nearest 100th ml per individual dosed. Slurry 

syringes were stored in the dark at 4°C but in an attempt to reduce regurgitation, syringes 

were placed in a warm water bath for at least 30 mins before dosing.  

2.2.5. Blood Sampling  

Pre-treatment (day -7), day 7 and day 14 blood samples (∼100 μl) were obtained 

from the brachial vein following puncture with a 26G needle, and blood was collected 

using a 75 μl microhaematocrit tube (Yap et al., 2017). One full 75 μl microhaematocrit 

tube was used to determine hematocrit, while an additional half full hematocrit tube was 
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used to make aliquots of whole blood samples for determination of hemoglobin, as well 

as wet blood smears on microscopic slides for future analysis of reticulocytes and 

leukocytes if needed. Following centrifugation of whole blood and determination of 

percent hematocrit, plasma was separated out from red blood cells with a Hamilton’s 

syringe, and both plasma and red blood cells were stored separately at -80°C, along with 

any leftover whole blood.  

2.2.6. General Health  

Finch body mass was recorded twice daily before dosing ~9:00 and 15:00 and 

health was monitored routinely. Percent oiling on plumage was scored once each day 

before dosing, based on percent plumage coverage estimated by Maggini et al., (2017a) 

and Camphuysen (2011). Signs of sickness such as little to no movement, little to no 

feeding or drinking, and inability to thermoregulate were noted. During evening dosing, if 

mass loss was ≥ 20% mass at first day of dosing and there were signs of severe 

sickness, moribund individuals were euthanized, and blood sampled to ensure minimal 

animal suffering. At 14 days birds were killed by exsanguination under anaesthesia (0.04 

ml euthanol) and tissues and whole blood were collected for further analysis. 

2.2.7. Physiological Endpoints  

Hematocrit (percent packed cell volume) was measured with digital calipers (± 

0.01 mm) following centrifugation of whole blood for 5 min at 10,000 g (Autocrit Ultra 3; 

BD Diagnostic Systems, Sparks, MD, USA), (Williams et al., 2004; Yap et al., 2017).  

 

Hemoglobin (g dl–1 whole blood) was measured using the cyanomethaemoglobin 

method (Drabkin and Austin, 1932) modified for use with a microplate spectrophotometer 

(BioTek Powerwave 340; BioTek Instruments, Winooski, VT, USA), using 5 μl whole 

blood diluted in 1.25 ml Drabkin’s reagent (D5941; Sigma-Aldrich Canada, Oakville, 

Ontario, Canada) with absorbance measured at 540 nm (Yap et al., 2017).The standard 

curve was made by reconstituting human hemoglobin standard (11.2 g Hb / dL) from 

Pointe Scientific (H7506-STD). Mean intra- and inter-assay coefficients were 3.6% and 

2.6%, respectively.  
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Mean corpuscular hemoglobin concentration was calculated as (hemoglobin x 10) 

÷ hematocrit, according to the McGill Physiology Virtual Lab (2019).  

 

Total non-enzymatic antioxidant capacity (OXY, mmol l-1 HOCl neutralized) was 

determined using the OXY (catalog number MC435) kit from Diacron International, Italy, 

modified after Guindre-Parker et al. (2013), for use with 96-well microplates and optimized 

for avian plasma. Mean intra- and inter-assay coefficient of variation was 5.6% and 5.1% 

respectively. 

 

Hepatic EROD activity was quantified in livers sampled from control, 8 ml/kg, and 

12 ml/kg treated finches (n= 18), flash frozen in liquid nitrogen and stored at -80°C. Livers 

were sampled upon day of death (day 14 or earlier). The microsomal fraction of 

homogenized liver was used to determine EROD activity (picomoles per minute per 

milligram protein). Mean intra-assay CV was 20.1%. For preparation of the microsomal 

fraction, all homogenization and preparation steps were carried out on ice. Each frozen 

liver sample (~50 mg) was homogenized in 1 ml ice-cold 0.02 M HEPES buffered 5 mM 

EDTA, 0.15 M KCl solution, pH 7.4. Liver homogenate was centrifuged at 10,000 x g for 20 

minutes at 4°C. The post-mitochondrial supernatant was centrifuged at 100,000 x g for 65 

minutes at 4°C. The resulting supernatant was removed, and the microsomal pellet was 

resuspended in 1 ml aliquots of a 1.0 mM EDTA, 50 mM Tris-HCl, 1.0 mM dithiothreitol, 

20% glycerol buffer solution, pH 7.4, and stored at -80°C until analyzed for EROD activity 

(Gourley and Kennedy, 2009). 

 

The microsomal EROD activity and protein concentration of each sample were 

analyzed simultaneously using a fluorometric microplate procedure by Kennedy and Jones 

(1994) and adapted according to Gourley and Kennedy (2009). Dilutions of resorufin and 

bovine serum albumin were used to make resorufin and protein standard curves. EROD 

measurement of each reaction well contained 35 µl microsome in storage buffer (we chose 

35 µl instead of 20 µl to increase detection of EROD activity), 22.5 µl 7-ethoxyresorufin 

(150 µM), and 67.5 µl phosphate-buffered saline (PBS) (50 mM). Following incubation at 

room temperature for 10 minutes, EROD reaction was initiated by addition of 25 µl 13.4 

mM nicotinamide adenine dinucleotide phosphate (NADPH) (in 50 mM PBS, pH 8.0). 

Resorufin was quantified every 2 minutes up to 30 minutes at 530 nm excitation and 590 

nm emission wave-lengths in a fluorescence plate reader (Molecular Devices SpectraMax 
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M2e fluorimeter, Downington, PA, USA). EROD reactions were stopped with addition of 

22.5µl florescamine (300 µg/ml in acetonitrile) to each well. The plate was incubated at 

room temperature for 15 minutes, and then protein was quantified at 400 nm excitation and 

460 nm emission. Samples were analyzed in duplicate and averaged for analysis.  

2.2.8. Body Composition 

Upon exsanguination of birds, the liver was immediately dissected out of the body 

cavity, split into 2 cryovials, flash frozen in liquid nitrogen, and stored at -80°C for future 

PAH analysis (trials 2 & 3 birds; n= 50) and detection of EROD upregulation (trials 2 & 3 

birds; n=50). Carcasses from all trials were stored at -20°C until determination of organ 

weight, which was determined following (Yap et al., 2017). The following tissues were 

dissected out from each bird: flight muscle (including the supracoracoideus and left 

pectoral muscle), large and small intestine (including pancreas), gizzard, heart, liver, 

kidneys and testes. Tissues were dried at 60°C to constant mass, weighed (mg, 

±0.0001), and final mass reported as wet and dry mass. Wet and dry liver mass are 

reported here for trials 1, 2 & 3 birds (n = 62) and remaining organ masses are reported 

for trials 1 & 2 birds (n = 30). Trial 3 finch organs are stored at -20°C for future mass 

analysis.  

2.2.9. Behaviour 

During trial 2, finches were video recorded for 1-1.5 hrs on days 0, 3, 6, 9, 11, and 

13 of the 14-day exposure, and during trial 3, finches were video recorded for 1-1.5 hours 

on days -1, 6, and 13 of the 14-day exposure. Video recording began approximately 1 

hour after the morning dose and ended approximately 1-2 hours before the afternoon 

dose (~10:00 to ~13:00). Videos were analyzed using two different methods. Firstly, 3-

minute intervals throughout each entire video were analyzed starting from 0:00:30. (2-3 

videos segments per recording day, 30 mins each. Videos were paused at each 3 min. 

interval and the following behaviours were recorded per treatment group: 1) number of 

birds at the feeder, 2) number of birds foraging, 3) number of birds exhibiting sleep-like 

behaviour, 4) number of birds huddled together, 5) number of birds idling, 6) number of 

birds that are out of sight in the camera’s field of view. If there were human induced 

disturbances (ex. someone walking into filming room), then the disturbance was noted 

per interval. 
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Secondly, behaviour was recorded during the 15 seconds following each 3-minute 

interval from method 1. The following behaviours were recorded for each individual finch 

during the 15 seconds: 1) number of trips to the feeder, 2) number of hops, 3) number of 

beak wipes, 4) time spent feeding/drinking, 5) time spent preening, 6) time spent foraging. 

During data analysis, results per finch were averaged per treatment group.  

2.2.10. Statistical Analysis 

All statistical analysis was conducted in R studio (version 3.5.1, packages used: 

ggplot2, Rcpp, nlme, lsmeans, lmerTest, lme4). Statistical significance for all endpoints 

was set at p < 0.05. All graphs were created in R studio (Version 3.5.1, ggplot2). Because 

the only difference between trial 1 and 2 was that birds were fasted in trial 2 and not 1, we 

tested for effect of fasting between the two trials and found no difference in mean mass 

between the control groups (p= 0.231) or the two low dose groups (p=0.361). Thus, data 

was pooled for endpoints determined for trials 1 and 2 including hemoglobin, organ 

weight, OXY, and EROD. Similarly, data was pooled for those endpoints determined in all 

3 trials including: survival, percent plumage oiled, body mass, hematocrit, liver mass, 

activity and maintenance behaviours. We included ‘trial’ as a random factor in all analysis. 

Physiological and behavioural endpoints were checked for normality using the 

Shapiro-Wilk Normality Test. If endpoints were normal, each endpoint was analyzed 

separately as the dependent variable in a mixed model with day, treatment and the 

day*treatment interaction as main effects and bird identity and trial as random factor. A 

Tukey post hoc test for multiple comparisons was conducted if the mixed model identified 

significant main effects or an interaction. Physiological endpoints that did not follow a 

normal distribution such as EROD were analyzed using the Kruskal Wallis Test for One 

Way Anova by Ranks to test for significance between treatment groups. Similarly, percent 

plumage oiled was analyzed using the Kruskal Wallis Test for One Way Anova by Ranks 

to test for significance between treatment groups; and specifically analyzed for days 1, 8 

and 13 of the exposure separately. EROD data was further analyzed using a pairwise 

Wilcoxon rank sum test for non-parametric data to compare significance between 

treatment groups, with P values adjusted via the Bonferroni method. For analysis of organ 

mass, we controlled for part-whole correlation by including (body mass-organ mass) as a 

covariate in the linear mixed model. Survival (%) was compared across treatment groups 

using a Pearson Chi-Square analysis.  
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 Preliminary analysis of behaviour data suggested an effect of treatment on 

pooled behaviour on day 13, but this was likely confounded by deaths in the 10 and 12 

ml/kg treatments. However, all birds were alive on day 6 and beginning to show 

behavioural changes due to treatment, thus we restricted analysis of behavioural data 

reported below to day 6. All behavioural endpoints were not normally distributed, and thus 

were analyzed using the Kruskal Wallis Test for One Way Anova by Ranks to test for 

significance between treatment groups.  

2.3. Results 

2.3.1. Premature Deaths, Dose Response Curve, and Oiling on 
Plumage 

No birds died before the end of the 14-day treatment period during trial 1. 

However, premature finch deaths – before the end of the 14 day treatment period (Figure 

1a) - occurred during trials 2 and 3. During trial 2, all finches in the 12 ml/kg treatment 

group died before the end of the 14-day exposure on days 8, 9, 11, and 13 (either found 

dead or euthanized in the evening as they would not survive the night). Two finches in the 

8 ml/kg treatment died prematurely; one was found dead on day 12, and one died directly 

after blood sampling on day 7. In trial 3, four finches in the 10 ml/kg treatment died before 

day 14; one died directly after blood sampling on day 7, one was found dead on day 9, 

and two were euthanized due to severe mass loss (mass loss ~ 20% body weight) on 

days 9 and 11.  

Survival to day 14 (Figure 1a) differed significantly amongst the treatments (X2 = 

40.339, df = 6, P < 0.001; Fisher’s exact test p < 0.001). By the morning of day 14, 

finches in the 12 ml/kg treatment had experienced 100% mortality, and finches in the 10 

ml/kg group experienced 50% mortality, while 92% of the 8 ml/kg treatment survived, and 

100% of all treatment groups below 8 ml/kg survived.  

A dose-response curve based on cumulative percent deaths that occurred per 

treatment group suggested a LD50 of 10 ml/kg (Figure 1b). While four out of seven finches 

died prematurely in the 10 ml/kg treatment group, one finch died ~1 minute after blood 

sampling on day seven. Death was likely due to shock from blood loss thus this data point 

was omitted from the dose-response curve, giving an exact LD50 value of 10 ml/kg (3 

dead/ 6 (treatment total) = 50% dead in the 10 ml/kg treatment group). LD50 values were 
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also calculated using the Spearman Karber method in R, chosen over the commonly 

used US EPA probit method for its ability to handle data with small sample sizes. LD50 

values were calculated using the ecotoxicology package (version 1.0.1) in R and the 

“TSK” function (Spearman Karber method). When including all mortalities from all three 

trials, the calculated LD50 value (95% confidence interval) based on the Spearman Karber 

method was 9.35 ml/kg (8.53 -10.25 ml/kg). When excluding two data points from the 

same analysis (2 birds that died ~1 minute after blood sampling on day 7 of the 

exposure), the calculated LD50 value (95% confidence interval) was 9.67 ml/kg (8.82 – 

10.60 ml/kg).   

There was a significant effect of treatment on percentage oiling of plumage for day 

1 (X2 = 39.258, df = 6, P < 0.001), day 8 (X2= 42.824, df = 6, P < 0.001), and day 13 (X2 = 

30.998, df = 6, P < 0.001). At each time interval percent oiling was highest in the two 

highest dose groups (10 and 12 ml/kg) and by day 13 the average level of external oiling 

in these two groups was > 80% (Figure 2a).  

2.3.2. Physiological Endpoints 

For mean morning body mass from day zero to day fourteen there was a 

significant day*treatment interaction (F12,110 = 2.41, P = 0.0083) and a significant main 

effect of day (F2,110 = 6.35, P = 0.0025), but no significant main effect of treatment (F6,2 = 

0.79, P = 0.652). In a reduced model there was a significant effect of day on body mass 

(F2,180.7 = 8.0, P < 0.001). Body mass varied marginally by treatment on day 14 of the 

exposure (F6,29.8 = 2.32, P = 0.059), but not on day 7 (F6,2 = 1.24, P = 0.51), or day 0 

(F6,55= 0.65, P = 0.69). However, an overall pairwise contrast showed that by day 14 

mean body mass was significantly lower in both the 10 ml/kg (P= 0.021) and 12 ml/kg 

treatments (P< 0.001) as compared to day 0 (Figure 2b).  

There was no significant main effect of treatment (F6,101.7 = 0.70, P = 0.647), or the 

day*treatment interaction (F12,101.7 = 1.37, P = 0.193) for mean hematocrit, however, there 

was a significant main effect of day (F2,99.9 = 3.51, P = 0.034) on hematocrit (Figure 3a). In 

a reduced model there was a significant effect of day on hematocrit (F2,174 = 6.33, P = 

0.002): mean hematocrit on day 14 was significantly different from hematocrit on day 7 

(P= 0.005) and day -7 (P= 0.008).  Similarly, there was no significant main effect of day 

(F2,77 = 0.32, P = 0.73), treatment (F2,77 = 0.79, P = 0.46) or the interaction (F4,77 = 1.88, P 
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= 0.123) for mean hemoglobin (Figure 3b). Likewise, there was no significant main effect 

of day (F2,76 = 0.25, P = 0.78), treatment (F2,76 = 1.69, P = 0.19) or the interaction (F4,76 = 

0.33, P = 0.86) for mean corpuscular hemoglobin concentration (Figure 3c).  

There was a significant day*treatment interaction for OXY (F4,46.3 = 3.99, P = 

0.007). OXY did not vary with treatment on day -7 (F2,25 = 0.95, P = 0.40) or day 7 (F2,25 = 

1.47, P = 0.25), however OXY did vary with treatment on day 14 (F2,22 = 3.99, P = 0.033). 

In the 12 ml/kg treatment, mean OXY varied significantly by day 14 as compared to days 

7 (P= 0.039) and -7 (P= 0.009; Figure 4).  

There was a significant effect of treatment on average EROD activity (X2 = 

12.389, df = 2, P = 0.002) measured on day 14, or on day of death (Figure 5). EROD 

activity in the 8 ml/kg treatment was significantly higher (P= 0.008) than control activity, 

and activity in the 12 ml/kg treatment was significantly higher (P= 0.008) than control 

activity. However, there was no significant difference between EROD activity in the 8 and 

12 ml/kg treatments (P= 0.9286) (pairwise Wilcoxon rank sum test). EROD activity was 

not significantly different (df = 1, P = 0.315) between birds that had died early in the 

morning (n=3) whereby livers were extracted a few hours later, as compared to birds that 

were euthanized and livers extracted within only a few minutes of death (n=15).  

2.3.3. Body Composition 

 Both wet (F6,54 = 2.61, P= 0.027) and dry liver mass (F6,54 = 2.89, P= 0.016) varied 

among treatments but no pair-wise contrast among treatments were significant for either 

wet or dry liver mass. In both cases there was a trend for a slight increase in liver mass 

as dilbit dosage increased (Figures 6a and 6b).  

 Wet pectoral muscle mass varied with treatment (F2,25.2 = 4.77, P= 0.017; Figure 

6c), specifically, mean pectoral mass in the 12ml/kg treatment differed significantly from 

pectoral mass in the 8 ml/kg treatment (P = 0.0384) and the control (P= 0.0157). 

However, there was no effect of treatment on mean dry pectoral muscle mass (F2,25.3 = 

2.55, P= 0.098). There was also an effect of treatment on mean wet (F 2,26 = 3.91, P = 

0.033) gizzard mass (Figure 7c), but not mean dry (F2,26 = 2.75, P = 0.083) gizzard mass. 

Mean wet gizzard mass in the 8 ml/kg treatment was significantly higher than the control 

group (P = 0.033), but not the 12 ml/kg treatment (P = 0.10). 
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There was no effect of dilbit treatment on mean wet (Figure 7a) or dry heart 

(Figure 7b), kidney, intestine, or testes mass (P > 0.14 in all cases).  

2.3.4. Behaviour  

 Using sub-sampling of behaviour every three minutes and data for day 6, there 

was an effect of treatment on a range of behaviours. At higher doses of dilbit birds spend 

more time exhibiting sleep-like behaviour (X2= 43.76, df=6, P< 0.0001; Figure 8a), more 

birds were huddled together (X2= 50.76, df=6, P< 0.0001; Figure 8b), but fewer birds 

were idle (X2= 36.44, df=6, P< 0.0001; Figure 8c). There was no significant effect of 

treatment on number of birds at the feeders (X2 = 7.85, df =6, P= 0.250) and on frequency 

of foraging behaviour (X2 = 10.03, df =6, P= 0.1234), however, mean activity suggested 

an upward trend in foraging behaviour as dilbit dosage increases (Figure 8d).  

 Using analysis of individual behaviour recorded at 15 second intervals on day 6, 

there was an effect of treatment on a range of behaviours. Number of hops per bird in 

dilbit treated groups was either much higher or much lower than that of controls (X2= 

22.01, df=6, P = 0.0012). However, there was no effect of treatment when number of 

hops were averaged per treatment group (X2= 5.19, df=6, P= 0.520) (Figure 9a). Average 

time spent preening decreased as dosage increased from the 4 ml/kg to 12 ml/kg 

treatment (X2=24.15, df=6, P =0.00049) (Figure 9b). There was no effect of dilbit 

treatment on mean number of beak wipes (X2= 4.50, df=6, P = 0.61), mean number of 

trips to the feeder (X2= 10.96, df=6, P = 0.090), or time spent feeding and drinking (X2= 

10.33, df=6, P =0.111). Additionally, there was no effect of treatment on mean time spent 

foraging (X2= 7.25, df=6, P =0.298), however, mean values suggested an upward trend in 

average time spent foraging as dosage increased (Figure 9c).  

2.4. Discussion 

We conducted one of the first experimental dosing studies with diluted bitumen 

(dilbit) on a terrestrial, avian species, the zebra finch, which is increasingly used as a 

model in ecotoxicology studies. Our results identified a LD50 of ~10 ml/kg for dilbit in this 

species and there was complete mortality at 12 ml/kg. Mortality was associated with mass 

loss, external oiling, elevated OXY, and decreased wet pectoral mass. In addition, we 

found evidence for sub-lethal effects at dilbit doses < 10 ml/kg such as elevated EROD 
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and increased wet gizzard mass in birds dosed with 8 ml/kg, and changes in behavioural 

effects on day 6 in our treated birds such as more birds exhibiting sleep-like behaviour 

and huddling together, fewer birds idling, and less time spent preening as compared to 

controls. 

We ultimately identified a LD50 value for dilbit in male zebra finches in our 

experiment – although this had not been a specific goal of the study. Lack of any 

information on dilbit exposure in terrestrial birds meant we had to start with a broad 

range-finding approach (and Animal Care concerns dictated our final experimental design 

with three trials using different doses). We based our doses and our slurry formulation 

primarily on Goodchild’s (2017) oral dosing exposure with zebra finches. Goodchild 

(2017) dosed birds with 3.3 and 10 ml/kg MC252 light crude oil daily for 15 days and 

reported no mortalities in either treatment groups. In our study we found no mortality with 

dilbit doses of 2 and 4 ml/kg similar to Goodchild’s (2017) 3.3 ml/kg survival results. 

However, in our study 10 ml/kg dilbit represented a LD50 in marked contrast to the lack of 

mortality in Goodchild (2017). This suggests that dilbit might be more toxic than light 

crude oil at least for this species via oral exposure. If this is in fact correct, this finding 

may have policy implications. Consequently, it is recommended that further studies be 

conducted comparing the toxicity of light crude oil to dilbit in avifauna to confirm this 

potential implication.  

In our study zebra finches were dosed twice a day directly into the crop via oral 

gavage, but we observed that within 30 mins of dosing the dilbit slurry was both 

regurgitated and defecated by individuals in all dilbit treatment groups, from 2 ml/kg to 12 

ml/kg. Birds regurgitated slurry onto their beaks, which they then spread to plumage on 

the head and around the eyes via beak wipes. Plumage of nearby birds was often coated 

by the spray of regurgitation or defecation from another individual. By day 1 there was 

already a treatment effect of percent plumage oiled. This effect of treatment was 

significant during each timepoint shown on days 1, 8 and 13 (Figure 2a) even though all 

treated birds were observed to preen oil from their feathers from day 1 to at least day 6. 

The extent of secondary oiling increased with time and with dose, reaching > 80% of the 

bird’s body surface in 10 and 12 ml/kg dose groups after 13 days, and this high 

percentage of plumage oiled was associated with mortality. Due to this somewhat 

unexpected behavioural reaction to the dilbit slurry, oiling on plumage became a 

secondary route of exposure to dilbit, the primary route of exposure being oral ingestion. 
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These two routes of exposure could not be disentangled from one another in our study 

further complicating identification of potential causes of death. However, incidental 

external oiling is often reported in oral conventional crude oil dosing studies, and this is 

not attributed to mortality. A study that externally coated 20% of cormorants’ plumage 

with 13 grams MC252 light crude oil every 3 days over a 15 day exposure, did not report 

any significant mortality (only one control and two exposed birds died), (Cunningham et 

al., 2017). Thus, while mortality in our study was associated with >80% oiling of plumage, 

it is likely that external oiling did not cause the mortality in our birds, but possibly 

exacerbated symptoms that preceded mortality, such as an inability to thermoregulate, 

decreased preening and activity behaviours, increased sleep-like behaviour, and overall 

lethargy. Because secondary oiling via preening is common in free-living birds, the 

occurrence of this additional pathway of exposure in our experimental study is 

representative of the effects of oiling with multiple routes of exposure in the field.  

Our result of 9% average mass loss in our 10 ml/kg treatment (by day 14 as 

compared to day 0) is similar to crude oil dosing studies reporting significant mass loss of 

8-11% in dosed birds that received 5-10 ml/kg MC252 light crude oil for 21-27 days 

(Cunningham et al., 2017; Dean et al., 2017; Bursian et al., 2017; Horak et al., 2017) and 

as reported in common loons exposed to PAHs in the field, experiencing ~12% mass loss 

(Paruk et al., 2016). However, in our 12 ml/kg treatment we saw an average of 17% mass 

loss by day 14, which is greater than typical values reported in the literature.  

Total antioxidant capacity in blood plasma increased with the highest dose of dilbit 

(12 ml/kg) but only after 14 days of dosing. Our results are therefore similar to the general 

increase in oxidative stress endpoints commonly reported in avian laboratory crude oil 

dosing studies such as the significant increase in hepatic total, oxidized, and reduced 

glutathione levels (Pritsos et al., 2017; Horak et al., 2017; Dean et al., 2017; Cunningham 

et al., 2017) as well as in avifauna exposed to PAHs in the field (Custer et al., 2000). 

However, we did not find either a dose-dependant increase in antioxidant capacity in 

blood plasma of our finches or a 2-3 fold increase, while this pattern and magnitude of 

effect was reported in MC252 light crude studies cited above for total and oxidized 

hepatic glutathione (Pritsos et al., 2017; Horak et al., 2017; Dean et al., 2017; 

Cunningham et al., 2017). Most studies interpret data on plasma total antioxidant capacity 

in relation to plasma levels of reactive oxygen metabolites (dROMs) (Costantini et al., 

2007; Huber et al., 2017) and we are still currently completing these analyses. 
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The effect of treatment on hepatic EROD activity strongly suggests that dilbit was 

absorbed into tissues. It is probable that the aromatic fraction of dilbit, specifically the 

large PAH fraction elicited upregulation of CYP1A enzymes (concentrated in the liver) 

consequently causing slight inflammation of the liver as seen in the slight but weak 

increase in liver mass. An increase in liver mass can be an indication that the organ is 

responding to PAH exposure by upregulating enzymes for biotransformation and 

metabolism (Dean et al., 2017; Szaro, 1977). While EROD was elevated in both the 8 and 

12 ml/kg treatments, there was no significant difference in activity between the two 

groups. Interestingly significant mortality was only seen in the 12 ml/kg treatment, even 

though EROD activity was similar between the two. However, it should be noted that our 

EROD activity is extremely low as compared to values found in the literature. Specifically, 

in our study, birds dosed with 8 and 12 ml/kg dilbit had hepatic EROD activity ranging 

from 1-3 pmoles/min/mg protein as compared to 0 activity in the controls. In the 

laboratory, cormorants dosed with 10 ml/kg crude oil had on average 56.9 (± 28.0) 

pmol/min/mg protein, and those dosed with 5 ml/kg had on average 39.7 (± 12.7) 

pmol/min/mg protein. Control baseline activity for cormorants averaged 15.2 (± 19.0) 

pmol/min/mg protein (Alexander et al., 2017). A field study reported EROD activity to be 

up to 400 pmoles/min/mg protein in scaup sampled from a PAH polluted canal (Custer et 

al., 2000), and between 200-250 pmoles/min/mg protein in harlequin duck biopsies from 

PAH contaminated industrial sites (Miles et al., 2007). For both, average EROD activity at 

contaminated sites was about 4-5x higher than the EROD activity of reference 

populations (Custer et al., 2000; Miles et al., 2007). Similarly, hepatic EROD activity in 

harlequin ducks from oiled sites of Prince William Sound was about 3x higher than 

average EROD activity in unoiled sites (Trust et al., 2000). In those papers reporting 

EROD activity in the field, polychlorinated biphenyls (PCBs) (also potent inducers of CYP 

activity) in tissues or blood of sampled avifauna were either considered too low to induce 

CYP activity, below detection levels, or not found to have any relationship with the 

increased EROD activity (Custer et al., 2000; Miles et al., 2007; Trust et al., 2000).  While 

our EROD values were comparatively very low, our treated birds had approximately 1-3x 

higher EROD activity as compared to controls, so in this regard our results are somewhat 

comparable to those in the literature. Baseline EROD activity varies across avian species 

and is dependent on avian feeding habits (Fossi et al., 1995), migratory status, and diet 

(Rainio et al., 2012). For example, insectivores have ~3x higher baseline EROD activity 

than granivores, and migratory insectivores have ~4x higher baseline EROD activity than 
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migratory granivores (Rainio et al., 2012). As zebra finches are granivores, they are 

expected to have low baseline EROD activity. In the literature, tree swallows (Tachycineta 

bicolor) (classified as insectivores) at a reference site in the field had EROD activity of 

26.7 pmol/min/mg protein as compared to EROD activity of 52.6 pmol/min/mg protein in a 

site contaminated with oil sands tailings pond water (Smits et al., 2000). Because 

insectivores have higher baseline EROD activity than granivores, we would expect 

baseline EROD activity in our zebra finches to be under 26.7 pmol/min/mg protein, 

approximately 3x lower, around 9 pmol/min/mg protein. While this does not completely 

explain the EROD activity of 0 pmol/min/mg protein in our control birds or the very low 

EROD activity in our treated birds (highest activity was close to 5 pmol/min/mg protein), it 

is possible that other factors contributed to our low EROD activity. For example, the 

protocols used in our study for preparation of microsomal fraction and determination of 

EROD activity were optimized for fish livers. It is recommended that liver samples from 

trial 3 be tested for EROD activity according to a protocol optimized for avian livers.  

We found significant changes in both activity and maintenance behaviours on day 

6 of our exposure in our treated birds, consistent with reported behaviours in recent crude 

oil avifauna dosing literature (Goodchild et al., 2017; Cunningham et al., 2017; Harr et al., 

2017; Burger & Tsipoura, 1998; Perez et al., 2017). We found a significant increase in 

number of treated birds exhibiting sleep-like behaviour as compared to controls, who 

were sleep-like less often. Additionally, more treated birds spent time huddled together, 

potentially to assist in thermoregulation, as compared to controls who were not observed 

to huddle together. These results indicate the onset of lethargy in treated groups and are 

similar to movement behaviours reported by Goodchild (2017), where a severe drop in 

movement was seen by day 8 in the 10 ml/kg treated birds. Moreover, our control birds 

spent more time idling (awake but not active), whereas our treated birds were either 

exhibiting sleep-like behaviour or foraging but not idling. Furthermore our 12 ml/kg 

treatment hopped more than controls and treatments <12 ml/kg, seemingly more active 

than the others, potentially a reaction to the high dosage, at least on day 6. Similarly, 

Goodchild saw 10 ml/kg finches were as active as controls on day 6, however that 

decreased drastically by day 8. Lastly, preening decreased with dosage and controls 

spent more time preening than all treated groups, similar to day 6 preening behaviour 

reported by Goodchild (2017). It could be speculated that by day 6 birds had given up 

preening, as during the exposure many treated birds were observed to preen until around 

day 6, when the rate of percent plumage oiled recorded per bird greatly increased as 
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compared to days 1-5. Moreover, decreased activity behaviours may be correlated with a 

decrease in muscle mass as seen in the significantly lower wet pectoral muscle mass in 

the 12 ml/kg treatment.  

We found an effect of treatment on body composition, specifically a decrease in 

wet pectoral mass in the 12 ml/kg treatment and an increase in wet gizzard mass in the 8 

and 12 ml/kg treatment. We likewise observed atrophy of the pectoral muscle during daily 

dosing, particularly in the 12 ml/kg treatment. Atrophied pectoral muscle was reported in a 

paper documenting the long-term rehabilitation of crude oil contaminated murres rescued 

off the coast of Newfoundland, (Khan & Ryan, 1991) reporting 86% of light to moderately-

oiled birds were emaciated with atrophied pectoral muscles, and eventually succumbed to 

mortality. Consequently, is possible that pectoral muscle atrophy is associated with oiling. 

The increase seen in wet gizzard mass follows the gut irritation and inflammation of 

tissues commonly seen in conventional crude oiling studies, however none of the studies 

reviewed measured gizzard mass. We found only weak evidence for inflammation of the 

liver as seen in the very slight increase in wet and dry liver mass in our treated groups. 

This small increase in liver mass may be correlated with the significantly higher but 

overall low EROD activity seen in our dilbit treated birds. Significant increase in liver mass 

is a commonly reported finding in many avian crude oil dosing studies (Szaro, 1977; 

Holmes et al., 1978; Miller et al., 1978; Peakall et al., 1989; Stubblefield et al., 1995; 

Horak et al., 2017) and is also correlated with PAH exposure in the field (Custer et al., 

2000), thus it is surprising we did not see similar significant increases in liver mass, 

especially due to the greater fraction of PAHs in dilbit as compared to light crude oil. 

Similarly, we found no change in kidney mass even though a significant increase in 

kidney mass was reported after dosing avifauna with 5-10 ml/kg light crude oil (Horak et 

al., 2017). Cardiac abnormalities were reported after dosing with light crude oil 

(Cunningham et al., 2017), however, we did not find any effect of treatment on heart 

mass, although a trend in decreasing heart mass was observed as dosage increased, 

possibly related to muscle wasting. While conventional crude oil is reported to reduce 

absorption of nutrients in the intestines and even degeneration of intestinal villi (Paruk et 

al., 2016) we found no change in mass of intestines in our treated birds. 

Surprisingly we found no effect of treatment on hematocrit, hemoglobin, or mean 

corpuscular hemoglobin concentration, contrary to what we had predicted. Many crude oil 

dosing studies report significantly reduced hematocrit (Hartung & Hunt, 1966; Leighton et 
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al., 1983; Szaro et al., 1978; Harr et al., 2017; Dean et al., 2017) or hemoglobin levels 

(Hartung & Hunt, 1966; Szaro et al., 1978; Pattee & Franson, 1982; Stubblefield et al., 

1995). We had expected to see decreases in hematocrit and hemoglobin in our birds 

especially as a severe reduction in PCV was seen in Harr and colleagues’ (2017) 

exposure of cormorants to 5-10 ml/kg MC252 light crude oil for 21 days, a study with a 

similar dosage range to ours. Additionally, we expected an effect of treatment on 

hematocrit because the study that was most similar to ours, by Goodchild et al., (2017) 

reported significant decrease in PCV in zebra finches dosed with 10 ml/kg MC252 crude 

oil over a 15 day duration. Interestingly, similar to our study, Goodchild did not find any 

effect of treatment on total hemoglobin (g/dl); however, when his data was normalized to 

number of cells in circulation, also known as mean corpuscular hemoglobin concentration 

(hemoglobin/cell), he saw a significant decrease in the 10 ml/kg treatment by day 14. 

Nevertheless, when we calculated mean corpuscular hemoglobin concentration, we did 

not find any significant changes in our treatment groups.  

In summary, based on our 14-day exposures we identified a dosage that resulted 

in 100% mortality (12 ml/kg), and a LD50 of ~10 ml/kg dilbit via oral gavage in the adult 

male zebra finch, and this was associated with mass loss, external oiling, elevated OXY, 

and decreased pectoral muscle mass. Sub-lethal effects were seen in birds dosed with 8 

ml/kg and below in endpoints such as elevated EROD activity, increased gizzard mass, 

and changes in activity and maintenance behaviours on day 6. Surprisingly we found only 

a weak effect of dilbit on liver mass and no effect of dilbit on kidney mass, hematocrit or 

hemoglobin levels. It is recommended that whole blood, plasma, organs, and livers from 

trial 3 birds be measured for hemoglobin levels, total antioxidant capacity, reactive 

oxygen metabolites, wet and dry organ mass, and EROD activity, respectively, to confirm 

data in trials 1 & 2. Our dosages are comparable to those used in light crude oil dosing 

studies, and the lethal doses we determined may indicate that dilbit is more toxic than 

conventional light crude oil such as MC252, at least for the adult male zebra finch via oral 

ingestion.  

The ecological relevance of our experimental dosing study can be inferred based 

on results of previous studies. Cormorants externally dosed with MC252 crude oil were 

estimated to have ingested up to ~50% of crude oil through self-preening in a 15 day 

exposure (Cunningham et al., 2017) equivalent to a single oral dose of 19.46 ml/kg 

bw/day (see Chapter 3). Thus, at least for the route of exposure that is ingestion of oil via 
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self-preening, birds could ingest up to ~ 20 ml/kg crude oil in the wild if repeatedly 

externally oiled 5 times. This is equivalent to exposure of our lowest dosage at 2 ml/kg 

daily for about 10 days. Additionally, oiling of food resources could mean increased 

competition for uncontaminated food with conspecifics (Lafferty & Holt, 2003), and cold 

temperatures could magnify any deleterious effects of oil on ability to thermoregulate 

(Horak et al., 2017). Plumage that is lightly oiled reduces take off angle and increases 

take off time (Maggini et al., 2017b). Additionally, decreased activity due to oil exposure 

may reduce predator avoidance and foraging behaviours (Goodchild et al., 2017) while 

decreased preening in the wild may increase disease susceptibility such as an increased 

ectoparasite load on plumage (Goodchild et al., 2017). The combination of these indirect 

additional stressors from an oil spill in the wild may contribute to mortality at a dosage 

that is only quantified as sublethal in the laboratory.  

It should be noted that because we weathered our dilbit for 36 hours before 

making up dilbit slurry batches, toxicity in this study was quantified based on oral 

ingestion. Weathering allows harmful light fractions in dilbit such as BTEX to evaporate 

before exposure, thus our birds were not exposed to BTEX. In the event of a dilbit spill in 

the wild, however, birds could inhale the aromatic fraction of dilbit and thus be exposed to 

BTEX. It is recommended that future avian dosing studies not weather dilbit beforehand if 

the goal is to increase the environmental relevance of the dosing study.  

While we found lethal and sublethal effects of dilbit on male zebra finches, it would 

be very interesting to conduct the same study on female zebra finches and to consider 

reproductive endpoints. Maternal transfer of hydrophobic contaminants into the yolk of 

eggs is common in avifauna and true for zebra finches (Eng et al., 2013a). Although 

PAHs are readily metabolized in avifauna, PAH transfer from female to egg is reported in 

Albers (2006), and Vidal et al., (2011). Furthermore, heavy metals such as vanadium and 

nickel were detected in eggs of crab plover (Dromas ardeola), bridled tern (Sterna 

anaethetus) and lesser crested terns (Sterna bengalensis) in a chronically oil-

contaminated site in the Persian Gulf (Khademi et al., 2015), indicating maternal transfer 

of heavy metals specifically from crude oil contamination can occur, albeit at low levels. 

Consequently, females could ameliorate some of the toxicological effects of dilbit via 

maternal transfer of contaminates. However, due to the potential for maternal transfer 

dilbit may have adverse effects on developing embryos, at least via this specific route of 
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exposure. Future studies could determine the lethal and sublethal effects of dilbit on 

adult, female zebra finches and on their subsequent offspring.  
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2.6. Figures 

(a) 

 

 

(b) 

 

 

Figure 1 Zebra finch mortality by treatment (a) and dose response curve (b). 
For these and all subsequent graphs diamonds represent mean 
values and mid-lines within boxplots represent the median. Lower 
and upper hinges on boxplots represent the 25th and 75th percentiles 
(interquartile range). Upper and lower whiskers encompass the data 
that is 1.5 x the interquartile range. Data outside this range are 
displayed as individual points.  
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Figure 2 Effect of treatment on mean percent plumage oiled (a), and on mean 
mass (b). Letters denote significance in treatment groups across 
sampling timepoints.      
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Figure 3 Effect of treatment on mean hematocrit (a), mean hemoglobin (b), and 
mean corpuscular hemoglobin concentration (c). 
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Figure 4 Mean total non-enzymatic antioxidant capacity in blood plasma of 
controls (n= 11), 8 ml/kg (n=10), and 12 ml/kg treatments (n=4). 
Letters denote significance across sampling timepoints. 

 

 

Figure 5 Average EROD activity in the 8 ml/kg (n= 6) and 12 ml/kg treatments 
(n=6) as compared to controls (n=6). Letters denote significance. 
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Figure 6 Effect of treatment on wet liver mass (a), dry liver mass (b), and wet 
pectoral muscle mass (c). Letters denote significance. 
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Figure 7 Effect of treatment on wet heart mass (a), dry heart mass (b), and wet 
gizzard mass (c). Letters denote significance. 
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(c) 

 

 

(d) 

 

 

Figure 8 Number of birds exhibiting sleep-like behaviour (a), huddled together 
(b), idle (c), and foraging (d) on day 6 using sub-sampling of 
behaviour every three minutes. (n= 10, 7, 7, 7, 6, 7, & 6 in order of 
treatment group shown respectively). 
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(c) 

 

Figure 9 Effect of treatment on number of hops averaged per treatment (a), 
time spent preening averaged per treatment (b), and time spent 
foraging (c) on day 6 using analysis of individual behaviour recorded 
at 15 second intervals. 
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Chapter 3.  
 
Conclusions  

3.1. General Conclusions 

We conducted one of the first experimental dosing studies with diluted bitumen 

(dilbit) on a terrestrial avian species, the zebra finch, which is increasingly used as a 

model in ecotoxicology studies. This was accomplished through preparation of a dilbit 

slurry formulation that was successfully administered via oral gavage. Our determination 

of daily dilbit dosage per kilogram bodyweight was accurate and based on the current 

mass of each individual zebra finch. Our results identified a LD50 of ~10 ml/kg for dilbit in 

this species and there was complete mortality at 12 ml/kg. Mortality was associated with 

mass loss, external oiling, elevated OXY, and decreased wet pectoral mass. In addition, 

we found evidence for sub-lethal effects at dilbit doses < 10 ml/kg such as elevated 

EROD activity and wet gizzard mass in birds dosed with 8 ml/kg, as well as changes in 

behavioural effects on day 6. More dilbit exposed birds were observed to be sleep-like 

and huddling together as compared to controls. Furthermore, we observed decreased 

idling and preening behaviours in treated birds as compared to controls. Surprisingly, we 

found no effect of dilbit on hematocrit, hemoglobin, or mean corpuscular hemoglobin 

concentration, even though anemia is a common endpoint reported in conventional crude 

dosing studies. Moreover, we expected liver and kidney mass to significantly increase as 

commonly reported in conventional crude oil dosing studies, however there was no effect 

of dilbit on kidney mass, and while we found wet and dry liver mass varied amongst 

treatments the effect was weak, and there was no significant difference between groups.  

A similar study with zebra finches investigated the oral toxicity of MC252 light 

crude oil, whereby finches were dosed via oral gavage daily at 3.3 and 10 ml/kg bw/day 

over a 15 day exposure (Goodchild et al., 2017). That study did not report lethality in any 

treatment group, however sublethal effects were observed for various physiological and 

behavioural endpoints as further discussed in Chapters 1 and 2. In comparison to that 

particular study, our LD50 result of ~10 ml/kg is interesting, suggesting that dilbit is more 

toxic than conventional light crude oil at least via oral ingestion in the male zebra finch.  
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In an effort to explain the disparity in toxicity between MC252 light conventional 

crude oil and Cold Lake diluted bitumen, four possible modes of action are proposed for 

dilbit. Firstly, since on average dilbit has 26.6% higher EPA priority PAH content and 

55.1% more total parent and alkylated PAHs than conventional light crude oil (NASEM, 

2016), and because PAHs are considered to be predictors of conventional crude oil 

toxicity, the higher fraction of PAHs in dilbit may have contributed to greater toxicity seen 

in our study as compared to Goodchild et al.’s (2017) study. This increased toxicity may 

be due in part to the role CYP1A plays in phase I biotransformation of PAHs. When birds 

are exposed to oil hydrocarbons such as PAHs, CYP1A sub-family enzymes are quickly 

upregulated (Peakall et al., 1989) and will bind to a cytosolic aryl hydrocarbon receptor 

(AhR) inducing transcription of CYP1A (Rainio et al., 2012; Bianchini & Morrissey, 2018) 

specifically, CYP1A4 and CYP1A5 in birds (Kubota et al., 2006; Esler et al., 2010).  

Biotransformation of PAHs by CYP1A enzymes can form short lived intermediate 

metabolites that are highly reactive with chromosomes, with the potential for genotoxicity 

and carcinogenesis (Fox, 1993; Trust et al., 2000). General CYP1A induction and 

metabolism of xenobiotics can also form reactive oxygen species that are known to 

damage tissues and modify the immune and reproductive systems (Schlezinger et al., 

2006; Stegeman et al., 1992). Regardless of CYP1A-mediated toxicity, due to the 

lipophilicity of PAHs (for example the US EPA 16 priority PAHs range from log Kow 3.3-

6.9) parent PAHs can cause membrane damage in cells when PAHs partition into lipid 

membranes via passive diffusion. This change in membrane structure compromises 

regulation of ions (Gauthier et al., 2014). Consequently, PAH induced toxicity is a likely 

mode of action, one of which could have led to the mortality seen in our birds. 

Secondly, dilbit can contain more metals than conventional crude oil, and these 

metals may have elicited the higher toxicity seen in our study. Bitumen contains 

approximately 10% more saturates, 6.5% more asphaltenes, and 6% more resins than 

crude oil (Dew et al., 2015; Woods et al., 2008), and metals such as nickel, vanadium, 

and iron are present in the saturate, asphaltene, and resin fraction (NASEM, 2016). 

Vanadium and nickel are heavy metals known to cause toxicity in the environment, and 

furthermore both these heavy metals were reported to be significantly higher in dilbit as 

compared to a conventional crude oil, specifically West Texas intermediate crude 

(Bakker, 2011). Vanadium is moderately toxic to birds (Rattner et al., 2006). The 

estimated 7-day single oral dose LD50 of vanadium pentoxide and sodium metavanadate 

in male mallards (Anas platyrhynchos) is 113 and 75.5 mg/kg respectively, while the LD50 
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of sodium metavanadate in male Canada geese (Branta canadensis) is lower at 37.2 

mg/kg (Rattner et al., 2006). Additionally, dietary nickel can retard growth in chicks when 

administered in acetate or sulfate salt at 700 ppm or higher (Weber & Reid, 1968). 

Likewise, mallard ducklings fed dietary nickel sulphate daily at 800 ppm or above were 

noted to develop paresis and tremors by day 14, and 71% ducklings ingesting 1,200 ppm 

died by day 60 of the exposure (Cain & Pafford, 1981). Generally, metals will exert 

toxicity by disrupting enzyme functions through competitive interaction with substrates 

over binding sites or non-competitive binding causing conformational changes in 

enzymes (Dalle Donne et al., 2003). Additionally, metals will react as redox catalysts in 

the production of reactive oxygen species, disrupt ion regulation, and form DNA and 

protein adducts (Liu et al., 2008). In summary, metal induced toxicity represents a second 

likely mode of action for the toxicity we saw in our study.  

Thirdly, the potential for more-than-additive toxicity of metal-PAH mixtures in 

diluted bitumen is greater than that of a light conventional crude oil, based on the greater 

fraction of PAHs and metals in dilbit as compared to conventional light crude oil. Metals 

and PAHs mutually disrupt one another’s major detoxification mechanisms (Gauthier et 

al., 2014). For instance, while PAHs are metabolized by the CYP1A sub-family of 

enzymes, numerous studies report a variety of metals downregulating expression of PAH-

induced CYP1A mRNA in fish as reviewed in Gauthier et al., (2014), effectively inhibiting 

CYP1A activity. For example, the heavy metal vanadium present in dilbit is thought to be 

an anticancer agent due to its ability to down-regulate expression of CYP1A1 at the 

transcriptional level (Anwar-Mohamed & El-Kadi, 2008). Additionally, PAHs are reported 

to inhibit metallothionein, a cysteine-rich endogenous protein that binds to metals, 

rendering them unable to exert toxicity (Gauthier et al., 2014), however the mechanism by 

which PAHs inhibit metallothionein is unclear. Positive feedback may occur due to this co-

toxicity, for instance, with the metal-induced inactivation of CYP1A, the half-life of parent 

PAHs will increase in the organism, thereby increasing PAH induced membrane damage, 

which would in turn exacerbate cellular exposure to metals (Gauthier et al., 2014). 

Consequently, the potential for enhanced toxicity of both PAHs and metal mixtures in 

dilbit exists for birds, as birds have their own avian metallothionein genes and CYP1A 

isoforms (Andrews et al., 1996).  

Lastly, the mode of action proposed for dilbit is non-polar narcosis, also termed 

‘baseline toxicity,’ or simply narcosis. While the exact mechanism for this is still unknown, 
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it is thought to occur via nonspecific disturbance of cell membrane integrity and function 

due to the partitioning of xenobiotics into biological membranes (Escher & Hermens, 

2002; van Wezel & Opperhuizen, 1995). Additionally, the internal lethal concentration of a 

toxicant that induces narcosis is around 5 mmol/ kg body weight (Abernethy et al., 1988), 

regardless of chemical or organism. This is because concentration or volume of different 

toxicants are constant in the membrane of any biota for lethality (van Wezel & 

Opperhuizen, 1995). Thus, narcosis constitutes the minimal toxicity for any chemical 

(Escher & Hermens, 2002). General symptoms of narcosis include lethargy, 

unconsciousness, and depression of respiratory-cardiovascular activity (Schultz, 1989). 

The mortalities observed in our 10 ml/kg and 12 ml/kg treatments were preceded by 

narcotic-like symptoms, including lethargy, reduced activity and movement, and 

increased sleep-like behaviour. Toxicity due to narcosis is a likely mode of action for dilbit 

due to the symptoms seen in our birds. If no other mode of action occurred, mortality of 

our birds was likely caused by narcosis, when the internal lethal concentration of 5 

mmol/kg bodyweight was reached.  

The modes of action described above are just 4 possible explanations for the 

lethal toxicity seen in our study. Dilbit constitutes thousands of chemicals, with nearly 

6,000 different molecules in the aromatic fraction of bitumen alone (Strausz et al., 2011). 

While chemicals of potential concern in dilbit include PAHs and metals, it is probable that 

many other chemicals could have contributed to the toxicity seen in our study, with any 

possible combination of additive, synergistic, or antagonistic effects. A large fraction of 

dilbit consists of uncharacterized chemicals (NASEM, 2016), and in comparison to 

conventional crude oils, dilbit has a larger number of unknown polar compounds 

(NASEM, 2016). Without a complete detailed chemical characterization of dilbit (NASEM, 

2016), it is difficult to say for certain which chemical classes will primarily contribute to 

toxicity.  

Here I discuss 1) the success of our oral dosing method, 2) environmental 

relevance of our dosages, 3) the application of a chemical activity model to diluted 

bitumen, and lastly 4) future directions for our research.  
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3.2. Success of the Oral dosing Method  

While oral gavage into the crop was the method used in Goodchild’s (2017) crude 

oil dosing study, our study is the first to utilize this particular method for dosage of diluted 

bitumen. Although efforts were made to minimize regurgitation of dilbit by mixture of 

dosage with boiled egg yolk and safflower oil, and additionally by warming slurry in a 

water bath before dosing, regurgitation and defecation of dilbit slurry occurred 30 minutes 

or less after every administration of dosage in each treatment group, from 2 ml/kg to 12 

ml/kg. While control birds did not regurgitate the boiled egg yolk and safflower oil vehicle 

control, oily defecations were also observed on the floor of their cage. Defecation and 

regurgitation of oil is commonly reported in dosing studies after oral gavage (Dean et al., 

2017; Hartung & Hunt, 1966; Newman et al., 1999; Miller et al., 1978; Crocker et al., 

1974) and difficult to entirely eliminate (Dean et al., 2017). Consequently, while nominal 

dosage was carefully calculated and administered, the exact dosage absorbed into the 

tissues of each bird is unknown, further complicated by the fact that re-ingestion of dilbit 

slurry occurred via preening of oiled plumage at least up until day 6 of the exposures. 

However, our assay results show total antioxidant capacity (OXY) to be significantly 

higher on day 14 as compared to day 7 and -7 in the nominal 12 ml/kg treatment, and 

similarly, both nominal 8 ml/kg and 12 ml/kg treated birds had significantly higher hepatic 

EROD activity as compared to control hepatic EROD activity. Thus, it is likely that some 

fraction of dilbit was absorbed into tissues. Additionally, a clear nominal dose-response 

relationship was demonstrated in treated groups (Figure 1b). Consequently, while 

behavioural and physiological reactions obfuscated determination of absorbed dose, and 

in light of the fact that such reactions to crude oils are difficult to eliminate, we consider 

that our oral gavage method was successful enough to elicit toxicological endpoints and 

eventual lethality.  

3.3. Environmental Relevance of Results 

 While our objective was to determine the effects of oral ingestion of diluted 

bitumen on a terrestrial bird during a subacute 14-day exposure in the laboratory, our 

results were potentially environmentally relevant as they encompassed some of the 

multiple exposure routes expected to occur in the field (Cunningham et al., 2017). The 

two routes of exposure that resulted from our study were 1) ingestion of dilbit via oral 

gavage and 2) external coating of dilbit on plumage, which also resulted in oral ingestion 
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via preening. Estimates of the volume of crude oil avifauna would ingest in the event of a 

spill have in part been quantified. A study that used isotope labelled oil determined a 700 

gram duck exposed to oil in its natural habitat will acquire 7 grams of crude oil on its 

plumage (Hartung, 1964).  During day one of exposure, the same duck will ingest 1.5 g of 

oil through preening, ingestion decreasing logarithmically over an 8 day period (Hartung & 

Hunt, 1966). Over the 8 day exposure, the duck will ingest a total of 50% of crude oil that 

covers its plumage (Hartung, 1963; Hartung & Hunt, 1966). An updated study with double 

crested cormorants estimated a similar total ingestion (~50%) crude oil through preening 

in a 15 day exposure where birds were coated with 13 grams crude oil every 3 days for a 

total of 65 grams oil (Cunningham et al., 2017). Assuming density of oil is roughly ~1 

g/ml, 50% total ingestion of oil for a 700 gram duck is equivalent to a single dose of 5 

ml/kg bw/day (3.5 ml /0.7 kg), and 50% total ingestion of 65 g oil for a 1.67 kg cormorant 

is equivalent to a single dose of 19.46 ml/kg bw/day (32.5 ml/ 1.67 kg). Thus, at least for 

the route of exposure that is ingestion of oil via self-preening, birds could potentially 

ingest up to ~ 20 ml/kg crude oil in the wild if repeatedly externally oiled 5 times. This is 

equivalent to exposure of our lowest dosage at 2 ml/kg daily for about 10 days.  

However, multiple routes of exposure to oil in the event of oil spillage in the wild 

are more realistic rather than simply ingestion of oil through self-preening. Additional 

routes of exposure could include ingestion of prey that is oiled or that has accumulated 

PAHs in its tissues, for example mussels (Trust et al., 2000), ingestion of oiled vegetation 

(Dew et al., 2015), inhalation of oil aromatics when breaking the water surface after diving 

(DWH MMIQT, 2015) in the case of diving birds, and dermal exposure of oil (DWH 

MMIQT, 2015). Furthermore, duration of exposure will depend on the nature of the spill 

whether large and catastrophic, small and contained, or small chronic seepages, while 

route of exposure will depend upon species of and life-history and behavioural traits of 

birds such as foraging behaviour, time spent in water, diving, breeding or nesting near 

shipping lanes (Szaro, 1977). 

In the wild, a widespread oil spill may elicit additional stressors for affected 

avifauna, for instance increased competition for oil-free food resources with other 

conspecifics (Lafferty & Holt, 2003). Further stressors could include temperature, an 

obvious stressor for oiled birds when the insulating qualities of the feathers have been 

compromised, as well as parasitism and infection (Horak et al., 2017). Additionally, the 

decreased activity behaviour seen in our study may mean reduced predator avoidance 
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and reduced foraging behaviours in the wild (Goodchild et al., 2017), while decreased 

preening in the wild may increase disease susceptibility such as an increased 

ectoparasite load on plumage (Goodchild et al., 2017). A laboratory study researching the 

sublethal effects of light oiling of feathers (~20% oiled) on flying sandpipers reported that 

sublethal external oiling decreases takeoff angle and increases takeoff time, thereby 

increasing risk of target and capture by predators (Maggini et al., 2017b). Additionally, 

light oiling will increase energy costs of foraging, predator evasion, chick provisioning, 

and long-distance migration (Maggini et al., 2017a). Consequently, the combination of 

these stressors may lead to mortality in the wild at an ingested dosage lower than the 

lethal doses we observed in the laboratory. Thus, our sublethal laboratory doses may in 

fact elicit lethality in the wild.  

Lastly, while conventional crude oil floats on the water, in the case of dilbit, type of 

water (saltwater or freshwater), weathering, and amount of particulates in the water 

column will determine the fate of dilbit in the water body; specifically, whether it will sink 

or float (Dew et al., 2015), thereby directly affecting possible routes of exposure to birds. 

Considering these complex factors that contribute to route and duration of exposure, it is 

possible that our dosages and exposure duration were environmentally relevant.  

3.4. Application of a Chemical Activity Model 

The chemical activity model by Gobas et al., (2015) predicts thermodynamic 

activity of a chemical in any environmental media (air, water, soil, plant, or biological 

organism). Activity is calculated as concentration of chemical divided by the chemical’s 

solubility in environmental media (Gobas et al., 2018). This allows for expression of 

chemical concentration in various environmental media to be expressed in common units, 

useful for comparison of chemical concentration between media for risk assessment 

(Gobas et al., 2015). Thermodynamic activity, sometimes referred to as temperature, can 

be calculated for non-polar organic compounds (lipophilic) with a log Kow of >1, assuming 

equal temperature between media, and chemical equilibrium (Gobas et al., 2015).  

Chemical properties are required as input for the chemical activity model such as 

molecular weight. While the molecular weight of diluted bitumen is unknown, the theoretic 

chemical activity of diluted bitumen can be roughly calculated (personal communication, 

Frank Gobas). For instance, based on the assumption that lipid content in a zebra finch is 
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0.09kg/kg or ~10% (personal communication, Jeff Yap), and assuming that a single 

dosage of 10 ml of dilbit (our LD50) is roughly 10 g dilbit, that 10 g of dilbit would occupy 

~100g lipid in a 1 kg bird. Thus, to calculate the volume fraction dilbit in lipid of a finch, I 

divide 10g by 100g, giving a rough chemical activity of 0.1 (unitless). Consequently, the 

chemical activity of the diluted bitumen LD50 is ~0.1, which can be applied to any 

environmental media. For instance, roughly speaking, if the fraction of dilbit spillage in 

Burrard Inlet makes up ~10% of the total volume of water, then, at chemical equilibrium 

and equivalent temperature between media, it can be predicted that lethality will occur in 

~50% of the organisms exposed. Furthermore, chemical activities that range from 0.01-1 

are associated with non-polar narcosis (Gobas et al., 2018). Non-polar narcosis, 

associated with altered function of cell membranes, is a possible explanation for the 

deaths that occurred in the 10 and 12 ml/kg treatments, as finches exhibited symptoms 

similar to narcosis such as lethargy and decreased activity.  

In summary, a rough calculation of the chemical activity of our dilbit LD50 is useful 

in that it can be applied to estimate the approximate dilbit LD50 for other organisms. Since 

the chemical activity of dilbit is constant for any environmental media, one would simply 

need to obtain the average lipid content (kg) per kg overall body mass of their organism 

of choice to determine the approximate dilbit LD50. For instance, a chicken (Gallus gallus) 

with an average mass of 1.27 kg and total lipid mass of 0.23 kg, has about 18% lipid 

content (0.23/1.27), equivalent to 180 g lipid/ kg bird. To determine the approximate dilbit 

LD50 for a chicken, simply multiply 180 g by 0.1, resulting in 18 g or ~ 18 ml/kg dilbit.  

3.5. Future Directions 

We plan to carry out analysis of whole blood, plasma, and liver samples of trial 3 

birds for hemoglobin levels, total antioxidant capacity and reactive oxygen metabolites in 

the blood plasma, and hepatic EROD activity. Results from these analyses will assist in 

further interpretation of the findings of the current study. In the future it is recommended 

that a similar trial be conducted on adult male zebra finches with doses of either a 

conventional crude oil or dilbit ranging from 0- 10 ml/kg, to 1) confirm results from trial 3, 

specifically the dilbit LD50, and 2) compare the toxicity of dilbit directly to a conventional 

crude oil. MC252 is a good candidate for this comparison as it is well studied in the 

literature and is the conventional crude oil of choice for numerous recent avian dosing or 

external application studies (Harr et al., 2017; Dean et al., 2017; Horak et al., 2017; 
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Pritsos et al., 2017; Maggini et al., 2017a; Maggini et al., 2017b; Alexander et al., 2017; 

Cunningham et al., 2017; Bursian et al., 2015; Perez et al., 2017; Goodchild et al., 2017), 

and effects of MC252 oil residuals (PAHs) in the field have been quantified in seabirds in 

the wild (Fallon et al., 2017; Paruk et al., 2016). A comparison of the toxicities of two 

conventional crude oils to dilbit has already been conducted in fishes (Philibert et al., 

2016), suggesting dilbit may be less toxic or of equivalent toxicity to conventional crude 

oils. However, both the dilbit and conventional crude oils were diluted in a water 

accommodated fraction (Philibert et al., 2016), a typical method of exposure to fish, 

complicating interspecies extrapolation of results to birds. 

While the present trials were being conducted, concurrent studies were carried out 

by another researcher investigating the embryotoxicity of dilbit to double crested 

cormorant and chicken embryos. A small volume of dilbit was applied externally on the 

eggshells of developing embryos, however results indicated no effect of treatment on 

survival rates in both species (King et al., 2019). Conventional crude oil transferred 

incidentally from parental plumage to eggs significantly decreases survival rates of 

embryos (Gordon, 1929; Rittinghaus, 1956; Albers & Gay, 1982). Based on the results of 

King et al.,’s (2019) study, it is possible that dilbit could potentially be less toxic to avian 

embryos than conventional crude oil, at least via eggshell oiling. Analysis of multiple 

endpoints including gene expression is currently underway in these dilbit embryotoxicity 

studies.  

Future studies with dilbit should investigate effects on reproductive success and 

behaviour of avian mating pairs, and on mixed-sex juveniles. Oil spills are reported to 

cause reproductive failure (Eppley & Rubega, 1990), or disrupt breeding success 

(Andres, 1997) in avian populations. Additionally, oral conventional crude oil dosing 

studies are associated with impaired reproduction (Hartung, 1965), reduction of egg 

laying (Coon & Dieter, 1981; Stickel & Dieter, 1979) and reduction of fertilization rates 

(Holmes et al., 1978). These reproductive studies could be repeated using dilbit in model 

laboratory organisms such as the zebra finch, and potentially in marine species such as 

the double crested cormorant. Continued research with dilbit on avian organisms will be 

extremely valuable in light of the present and likely increase of diluted bitumen 

transportation on British Columbia’s west coast.   
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Appendix.   
 
Supplemental Information for Oral Gavage 

Example of Calculations for Gavage Bolus Slurry 

 

Table A1. Dosing reference tables were based on a series of calculations that 
resulted in gavage bolus volume (ml slurry) per gram bird. For 
instance, nominal dose (8 ml dilbit/ kg bw day) was multiplied by a 
given density of 36-hr weathered dilbit at 20°C (0.9704 g / ml), by 
gram bird (1kg / 1000g), and by dosage administered per day (1 d /2) 
yielding a target dose of 0.003882 g dilbit per gram bird. Target dose 
was divided by gram dilbit ratio per 1 ml slurry (0.4g) yielding a 
gavage bolus mass of slurry per bird. This was multiplied by the 
density of the current batch of slurry (0.96129 g / ml) resulting in a 
final gavage bolus volume of 0.010095 ml slurry per g bird. Final 
gavage bolus volume was multiplied by current mass of each bird to 
calculate dosage administered, as shown in Table A2.  

  

Dosing

Nominal dose 36-hr weathered density @ 20oC Dose on mass basis

8 ml dilbit x 0.9704 g = 7.7632 g dilbit

kg d ml kg d

Per gram of bird Twice per day Target dose

7.7632 g dilbit x 1 kg x 1 d = 0.003882 g dilbit

kg d 1000 g 2 g bird

Slurry formula 

Slurry ratio on a mass basis Concentration in slurry

1 Dilbit 0.4000 g dilbit

0.75 Yolk g slurry

0.75 Saf oil

Target dose Gavage bolus mass

0.0038816 g dilbit x 1 g slurry = 0.009704 g  slurry

g bird 0.4000 g dilbit g bird

Find out dilbit slurry density and convert to volume for use in our syringe

Dilbit slurry density: Gavage bolus volume

0.96129 g x 1 g bird = 99.06121 g bird = 0.010095 ml slurry

ml 0.009704 g slurry 1 ml slurry g bird

Find out control slurry density and convert to volume for use in our syringe

Control slurry density: Gavage bolus volume

0.943753 g x 1 g bird = 97.25398 g bird = 0.010282 ml slurry

ml 0.009704 g slurry 1 ml slurry g bird
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Example of a Dosing Reference Table  

 

Table A2. A dosing reference table was printed off each time a new batch of 
slurry was made. Weight (g) corresponds to current mass of bird. 
Dose (ml) is weight x gavage bolus volume calculated in Table A1. 
For example, a 14.9 g bird in the 8 ml/kg treatment group would 
receive 0.15 ml dilbit slurry (14.9 g x 0.010095 ml slurry/ g bird) per 
half day.  

Weight (g) Dose (ml) Weight (g) Dose (ml) Weight (g) Dose (ml) Weight (g) Dose (ml)

11.1 0.11 15.7 0.16 11.1 0.11 15.7 0.16

11.2 0.11 15.8 0.16 11.2 0.12 15.8 0.16

11.3 0.11 15.9 0.16 11.3 0.12 15.9 0.16

11.4 0.12 16.0 0.16 11.4 0.12 16.0 0.16

11.5 0.12 16.1 0.16 11.5 0.12 16.1 0.17

11.6 0.12 16.2 0.16 11.6 0.12 16.2 0.17

11.7 0.12 16.3 0.16 11.7 0.12 16.3 0.17

11.8 0.12 16.4 0.17 11.8 0.12 16.4 0.17

11.9 0.12 16.5 0.17 11.9 0.12 16.5 0.17

12.0 0.12 16.6 0.17 12.0 0.12 16.6 0.17

12.1 0.12 16.7 0.17 12.1 0.12 16.7 0.17

12.2 0.12 16.8 0.17 12.2 0.13 16.8 0.17

12.3 0.12 16.9 0.17 12.3 0.13 16.9 0.17

12.4 0.13 17.0 0.17 12.4 0.13 17.0 0.17

12.5 0.13 17.1 0.17 12.5 0.13 17.1 0.18

12.6 0.13 17.2 0.17 12.6 0.13 17.2 0.18

12.7 0.13 17.3 0.17 12.7 0.13 17.3 0.18

12.8 0.13 17.4 0.18 12.8 0.13 17.4 0.18

12.9 0.13 17.5 0.18 12.9 0.13 17.5 0.18

13.0 0.13 17.6 0.18 13.0 0.13 17.6 0.18

13.1 0.13 17.7 0.18 13.1 0.13 17.7 0.18

13.2 0.13 17.8 0.18 13.2 0.14 17.8 0.18

13.3 0.13 17.9 0.18 13.3 0.14 17.9 0.18

13.4 0.14 18.0 0.18 13.4 0.14 18.0 0.19

13.5 0.14 18.1 0.18 13.5 0.14 18.1 0.19

13.6 0.14 18.2 0.18 13.6 0.14 18.2 0.19

13.7 0.14 18.3 0.18 13.7 0.14 18.3 0.19

13.8 0.14 18.4 0.19 13.8 0.14 18.4 0.19

13.9 0.14 18.5 0.19 13.9 0.14 18.5 0.19

14.0 0.14 18.6 0.19 14.0 0.14 18.6 0.19

14.1 0.14 18.7 0.19 14.1 0.14 18.7 0.19

14.2 0.14 18.8 0.19 14.2 0.15 18.8 0.19

14.3 0.14 18.9 0.19 14.3 0.15 18.9 0.19

14.4 0.15 19.0 0.19 14.4 0.15 19.0 0.20

14.5 0.15 14.5 0.15

14.6 0.15 14.6 0.15

14.7 0.15 14.7 0.15

14.8 0.15 14.8 0.15

14.9 0.15 14.9 0.15

15.0 0.15 15.0 0.15

15.1 0.15 15.1 0.16

15.2 0.15 15.2 0.16

15.3 0.15 15.3 0.16

15.4 0.16 15.4 0.16

15.5 0.16 15.5 0.16

15.6 0.16 15.6 0.16

Dilbit (8 ml/kg) Control
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Formulation of Dilbit Slurry per Treatment Group 

ml dilbit/ kg 
bw * d 

Factor 
difference 

Dilbit (g) Yolk (g)  Safflower (g) ∑ Slurry (g) 

12 1.50 0.6 0.3 0.1 1 
10 1.25 0.5 0.3 0.2 1 
8 1.00 0.4 0.3 0.3 1 
6 0.75 0.3 0.3 0.4 1 
4 0.50 0.2 0.3 0.5 1 
2 0.25 0.1 0.3 0.6 1 
0 0.00 0.0 0.3 0.7 1 

Table A3. Slurry formulation per treatment group and per gram slurry. 


