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Abstract 

The Canadian oil sands contain a viscous form of crude oil known as bitumen. This research 

aimed to understand how contaminants from the oil sands industry can impact the growth and 

development of juvenile native amphibians.  The extraction of bitumen contributes to the atmospheric 

deposition of metals and polycyclic aromatic compounds (PACs) to snowpack which may be released to 

aquatic ecosystems upon snowmelt. Furthermore, due to increases in Canadian bitumen production and 

demand, transport via pipeline has amplified across North America, increasing the probability of bitumen 

spills in freshwater ecosystems. Using a common native species, the wood frog (Lithobates sylvatica), the 

developmental effects of contaminated snowmelt (Chapter 2) and a simulated diluted bitumen spill 

(Chapter 3) were tested in two semi-natural mesocosm-based experiments. Wood frog embryos were 

exposed to six snowmelt samples collected from the Athabasca oil sands at different distances from 

industrial operations for a period of 25 days. In addition, free swimming wood frog tadpoles were exposed 

to lake water contaminated with seven environmentally relevant concentrations of diluted bitumen for a 

period of 21 days. Wood frog embryos exposed to contaminated snowmelt sampled from within a 50 km 

radius of mining operations accumulated PACs, displayed the altered expression of metamorphosis 

associated genes, experienced reduced development, impaired growth, an increased frequency of 

malformations, altered behaviour and delayed effects on growth and development after the end of the 

exposure. Wood frog tadpoles exposed to lake water contaminated with diluted bitumen had no measured 

change in thyroid hormone tissue concentrations (T3 and T4) and cytochrome P450 activity or expression. 

In addition, diluted bitumen contaminated lake water had no effect on the growth, development, or 

survival of tadpoles during the exposure period. Overall, contaminated snowmelt may impair the normal 

growth and development of wood frogs inhabiting wetlands near oil sands mining operations. However, 

the dissolved fraction of contaminants following a diluted bitumen spill may not impact the normal growth 

and development of wood frogs, provided the spill is rapidly and effectively remediated.  
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Chapter 1. 

Background Information and Project Overview  

    Chapter 1 is a general introduction and short literature review regarding the topics of Canadian oil 

and gas production, oil sands snowpack pollution, diluted bitumen transport, polycyclic aromatic 

compounds, hydrocarbon toxicity to amphibians, and specific mechanisms of hydrocarbon toxicity and 

metabolism in amphibians.   In addition, Chapter 1 also includes a summary of the research scope, goals 

and objectives of each specific investigation, and their associated initial predictions.                                                                    

1.1  General Introduction 

This project investigates the effects of oil sands products and production waste on the growth and 

development of native amphibians.  This project’s scope is linked to concerns emerging from large scale 

oil and gas production and bitumen transport in North America and their potential effects on the 

environment and human health. Although the research focuses on the effects that oil sands products and 

extraction waste exert on amphibians, it has much wider implications in terms of the sustainability of this 

industry and its current practices in Canada and impacts on other wildlife species and humans.  

1.2  Background Information: Oil Sands Production and Transportation  

Canada contains the world’s third largest reserves of crude petroleum, only behind that of Saudi 

Arabia and Venezuela [1].  Most Canadian crude petroleum is locked within the ‘oil sands’ or ‘tar sands’ 

in the form of a viscous crude oil known commonly as bitumen.  The Oil Sands Region (OSR) is situated 

in northern Alberta, Canada, and contains three major oil deposits; the Peace River deposit, the Cold Lake 

deposit, and the largest and most active, the Athabasca deposit [2]. These three deposits are situated within 

the heart of the boreal forest and cover a total area of 142 200 km2 [2]. Production of oil sands bitumen 

started in the early 1960s but has seen massive recent growth with the increasing global demand for 

petroleum.  
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1.2.1 Production and Extraction 

Bitumen is classified as an unconventional oil source and is extracted through either in-situ 

methods or surface mining techniques. Conventional oil deposits are defined as those that can be extracted 

via traditional pumping or well techniques, while oil deposits like the tar sands require unconventional 

means of production, such as hot water extraction. Hot water extraction refers to the physical washing of 

raw tar sands under high temperature and pressure to separate impurities from the bitumen. Only ~20% of 

bitumen reserves are surface mineable but make up a significant proportion of the current bitumen 

production [3].  

 For deposits less than 75 m below the surface, surface mines extract the bitumen which is 

physically moved to upgrading facilities where it can be mixed with hot water under extreme heat and 

pressure to allow impurities to separate from the bitumen [4]. In-situ mining targets deposits of bitumen 

that are greater than 75 m below surface level. In-situ production involves steam being piped underground 

to decrease the viscosity of crude bitumen, which can then be mobilized into collection pipes and pumped 

to the surface [4]. In contrast, surface mining of bitumen is a much more energy and resource intensive 

process than in-situ techniques [5]. 

All extraction techniques implemented in the oil sands require and rely on a large freshwater 

supply, sourced from the Athabasca River under an agreement with the provincial government. It 

currently requires three barrels of freshwater to produce one barrel of crude bitumen via in-situ mining 

and four barrels of freshwater to produce one barrel of crude bitumen via surface mining [4]. Water that 

has been consumed in any step of this process is considered Oil Sands Process Affected Water (OSPW) 

and is stored in large artificial reservoirs surrounded by dykes known as tailings ponds. Tailings ponds and 

OSPW have been the focus of many toxicological studies, assessing the negative biological effects this 

contaminated water can exert on developing aquatic life [6].  Although OSPW can be re-used for 

extraction, the salinity of the water increases after each use, creating a finite number of times water may 
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be re-used in the bitumen extraction process [7]. Some upgrading facilities are built adjacent of the 

Athabasca river to aid with their massive water consumption.  

The generation of waste material from the oil and gas industry is occurring at an unsustainable 

rate. Currently more than 1 trillion litres of tailings waste water are estimated to be held in ponds at 

extraction plants. High volumes of waste material left behind from abandoned mine sites have been a 

repeated problem in Canadian history. For instance, legacy sites, such as Giant Gold Mine (Yellowknife, 

NWT) not only degrade the regional ecosystems but also contribute to the degradation of social and 

economic wellbeing for inhabitants of local communities [36].  

1.2.2 Atmospheric Pollution and Snowpack 

Energy industries in the Athabasca Oil Sands Region (AOSR) have dramatically increased rates of 

production in recent years and are expected to further increase productivity from 3.8 million barrels a day 

in 2016 to 5.1 million barrels a day by 2030 [2].  The extraction and refinement process of Canadian 

bitumen has caused great international and national concern over green-house gas (GHG) emissions, 

atmospheric pollution and environmental degradation to the AOSR. The Athabasca oil sands have recently 

been identified both as the largest contributor of secondary atmospheric air pollutants in all of North 

America and as a major source of local atmospheric air pollution for Alberta [8,9]. Atmospheric air 

pollutants are a major concern for the AOSR as these contaminants can precipitate and concentrate in 

aquatic ecosystems. Contaminants such as polycyclic aromatic compounds (PACs) can show greater 

atmospheric mobility and residence time within winter months, which is a large portion of the year in 

Northern Alberta [10].  Major sources of atmospheric air pollution from the oil sands have been identified 

as direct emissions from smokestacks at upgrading facilities, volatilization of compounds from tailings 

ponds, direct emissions from mining equipment and fugitive dust from mining operations and petroleum 

coke stockpiles [11].  

Petroleum coke, or pet coke, is a hard coal-like by-product of the bitumen upgrading process. Pet 

coke is often stored in large exposed piles on site near extraction operations as regulations do not dictate 
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that it be housed in contained storage facilitates [12]. These large pet coke piles are exposed to the 

elements and wind dispersion [13,14]. Often pet coke is sold to developing nations as a cheaper alternative 

to coal, even though laws and regulations restrict its consumption as a fuel in Canada and much of North 

America. As of 2017, the industry had produced 124 million tons of pet coke from Alberta, with the 

majority stored near Athabasca operations [15]. Pet coke can be found at oil and gas shipping terminals 

across Canada, including several large reserves located at terminals on the Detroit River in Windsor, 

Ontario. Regional communities on the Detroit River have identified concerns regarding environmental and 

human health after videos surfaced showing clouds of pet coke blowing in high winds across the river 

from the pet coke piles.  

Contaminants such as PACs and heavy metals, including mercury and zinc, have been detected at 

elevated concentrations near bitumen extraction operations [16–19]. Compounds such as 

dibenzothiophene, a sulfur-containing PAC, have been used as unique tracer compounds within the 

Athabasca region as these compounds typically only originate from bituminous sources [20]. As winter 

weather conditions can increase the mobility and persistence of hydrocarbon compounds, snowpack has 

been monitored as a catchment of these contaminants over several recent seasons. Snowpack can 

seasonally sequester atmospheric pollutants and release them into aquatic environments at elevated 

concentrations with the spring thaw [21,22]. Core samples taken from regional lakes and peat bogs have 

suggested temporal decreases in loading rates of atmospheric contaminants since the beginning of 

operations (1960) [23–25]. However, current and recent studies have suggested that contaminant 

concentrations in snowmelt can be both acutely and chronically toxic to aquatic species [21,26].   

1.2.3  Transportation and Diluted Bitumen  

In 2013, 74% of all Canadian produced crude oil was shipped to the United States, which is 

currently the world’s largest refiner of petroleum products [3,27]. As of 2016, bitumen production 

represented about 97% of all exported Canadian oil and gas products [1–3]. Canadian crude is transported 

to the mid-west United States for future refinement into a market grade fuel (Figure 1-1).  
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Bitumen transport produces the risk of accidental releases and spills.  Aquatic species occupying 

freshwater ecosystems in close proximity to pipelines or rail routes are at risk of exposure to oil spills 

[28].  According to the Federal Transportation Board of Canada, 28% of all oil spills that occurred in 

Canada between 2007 and 2016 were associated with pipelines [29]. Pipeline networks transport most of 

the crude bitumen from Athabasca to refineries across North America. Pipelines are becoming an 

increasingly dominant method for bitumen transport, and as of 2016 Canada contained over 119,000 km 

of pipeline that moved a total of 1.3 billion barrels per year, estimated at a total value of over $100 billion 

(CD) [2,30]. Bitumen is a thick, viscous crude petroleum that is diluted with low molecular weight 

(LMW) hydrocarbons to achieve flow through pipelines. A blend of volatile LMW compounds such as 

benzene, ethylbenzene, toluene and xylenes (BETX) are extracted from oil-gas condensates and mixed 

into bitumen to lower its viscosity, creating diluted bitumen or dilbit [27]. The types of LMW compounds 

used to dilute bitumen are proprietary to oil companies and are not publicly disclosed [27]. However, the 

LMW compounds within dilbit show the greatest risk of acute lethality, causing narcosis and mortality at 

relatively low concentrations in many aquatic species [28].  

Dilbit is composed of four hydrocarbon classes: saturates, aromatics, resins and asphaltenes [5]. 

The aromatic fraction of dilbit contains PACs, which are non-polar and hydrophobic compounds.  These 

compounds are commonly associated with chronic or long-term toxicity to aquatic species [31]. Aquatic 

oil spills are traditionally much more challenging to clean up as the water and currents can dissolve and 

mobilize PAC fractions and facilitate the physical transport of oil [5]. The direct effects of an oil spill are 

extremely hard to predict and highly dependent on both the characteristics of the oil spilled and the 

environment it was spilled in. Laboratory studies investigating the effects of crude bitumen on embryonic 

and developing freshwater species have observed both sublethal and acute toxicity of relevant oil 

concentrations, similar to concentrations measured at past spill events [32,33].   
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Figure 1-1. Canadian Association of Petroleum Producers 2016 map of crude oil carrying pipelines 

in both the United States and Canada (Canadian Association of Petroleum Producers, 2016 Market 

Forecast).  

 Only a handful of spills involving dilbit have occurred, such as the 2016 Husky spill, the 2007 

Burrard inlet spill, and the 2010 Kalamazoo River spill. The Kalamazoo River spill highlighted the lack of 

scientific understanding of the fate and effects of dilbit in freshwater environments, as it was not predicted 

that the dilbit would sink and contaminate sediment as rapidly as it did. Although dilbit density ranges 

from 0.92 to 0.93 g/ml, weathering of the oil and volatilization of diluents and condensates increases the 

density and viscosity rapidly [34]. The resin fraction of bitumen is larger than in conventional crude oils. 

Resins can contribute to the adhesiveness of oils and are thought to increase the ability of bitumen to bind 

to physical structures in spills [35]. The weathering, adhesion and sinking of dilbit in the Kalamazoo 

resulted in the contamination of 40 km of river bed, vegetation and shoreline and, as of 2013, 684,000 L of 

an initial 4.24 million L remains submerged in the river [5].  
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1.2.4  The Canadian Oil and Gas Industry and Sustainability  

The sustainability of the oil sands industry is complex and much debated. The toxic effects of oil 

sands products and extraction waste is an emerging area of research. Understanding how wildlife is 

affected by oil and gas contamination proves crucial in mitigating future environmental impacts and 

constructing effective policy. Building on current wildlife research will improve our understanding of the 

ecological impact the oil and gas industry has in Canada.  Improved understanding of the impact on 

wildlife may aid in influencing positive change for social and economic policies in Canada.  

Environmental effects such as degradation to wildlife health can have powerful effects on 

economic and social factors in communities.  For example, communities that rely on freshwater fish for 

sport tourism may suffer indirect negative social and economic consequences of aquatic pollution that 

results in a fish kill. Previous case studies, such as Giant Gold Mine, have highlighted the long lasting 

negative social and economic effects mining contamination has had on regional communities in the 

Northwest Territories [36]. The Dené First Nations people were among those most affected by Giant Mine 

contamination, facing health implications from contaminated water and air, removal from traditional 

lands, and loss of traditional ways of life and economic avenues such as hunting [36]. Identifying similar 

or parallel issues in the Canadian oil and gas sector can help mitigate these problems and ideally direct the 

industry toward a more sustainable future direction for all Canadians.  

1.3 Research Focus     

Snowmelt contaminated with atmospheric pollutants and the threat of a freshwater dilbit spills are 

two separate issues that potentially affect aquatic ecosystems. Aquatic ecosystems are vitally important for 

wildlife, providing numerous economic, ecological and social benefits to Canadians. Most current 

literature investigating the effects of oil sands products and extraction wastes on aquatic species focuses 

on the effects on freshwater and marine fish, while amphibians remain understudied [5,6].  For 

contaminated snowmelt and dilbit spills, PACs are the dominant class of contaminants thought to be 

responsible for any observed toxicity. Amphibian species are unique among terrestrial vertebrates in that 
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they spend the early sensitive stages of their life cycle as fully aquatic larvae. Contaminated snowmelt and 

dilbit spills could negatively impair the growth, development, immediate health and long-term viability of 

amphibian populations within the Athabasca watershed and across North America.  

1.4  Amphibians as Toxicological Indicator Species  

Ephemeral wetlands are only fed by precipitation, snow melt and groundwater with no direct 

streamflow input. These wetlands are fishless due to the short hydroperiod and the lack of oxygenation in 

the water and offer the ideal reproductive habitats for many amphibian and invertebrate communities [37]. 

Water in ephemeral wetlands is not well circulated, increasing the concentration of contaminated 

snowmelt or spilled dilbit and potential for exposure to aquatic organisms. Amphibians often utilize 

ephemeral habitats in early spring and summer for breeding; the wood frog (Lithobates sylvaticus) is one 

of these species [38].  

1.4.1 Wood Frogs 

Wood frogs are particularly abundant in North America and are one of the earliest breeding 

species in the spring, often mating in pools and ponds that still have partial ice cover due to their 

physiological adaptation to winter conditions [39]. Wood frogs have a large range that extends into Alaska 

and throughout Alberta. Wood frogs breed during the spring thaw, as they emerge at the same rate as their 

environment thaws. Therefore, wood frog reproduction is inherently linked to spring thaw and freshet 

formation. The wood frog, like other amphibians, is highly sensitive to aquatic pollution at juvenile 

developmental stages and serves as an excellent indicator species for snowmelt contamination [43]. In 

addition, wood frogs have the most northern and widespread home range of any amphibian in Canada and 

can be found a far north as northern Alaska [39]. The wide home range of the wood frog mimics that of 

the extensive pipeline network across Canada, placing them at an increased risk of encountering a 

freshwater dilbit spill.   
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1.4.2 Amphibians as Receptor Organisms  

Amphibians have been used as indicators of aquatic toxicity for compounds such as road salts, 

endocrine disruptors, and herbicides [40–42]. Wood frog tadpoles have been used to assess the toxicity of 

naphthenic acids, OSPW and reclaimed wetland waters [43–47]. Wood frogs are readily abundant in early 

spring and are easy to identify and collect in large numbers, making them amenable for ecotoxicology 

studies.  

All amphibians have highly permeable membranes (skin) which facilitate the exchange of 

nutrients and gases with the water column. Membrane permeability increases the occurrence of aquatic 

xenobiotic ingestion and thus toxicity. Wood frog tadpoles have been used in the oil sands region to 

compare the tissue absorption rates of contaminants to semi permeable membrane devices (SPMD) used 

to monitor contaminant concentrations in wetlands [48]. Further, high membrane permeability means that 

the physical blocking of this respiration pathway can result in asphyxiation and death.  

The larval life stages of wood frogs are fully aquatic, and they form external gills to absorb 

oxygen from the water column increasing the risk of respiratory exposure to contaminants. The fully 

aquatic life stages of amphibians are also at increased likelihood to ingest contaminants as they are in 

prolonged contact with both sediments and the water column during lengthy periods of critical 

development. Amphibian metabolism during early developmental stages is significantly less robust in 

comparison with adults, leaving developing tadpoles at an increased risk of toxicity from parent 

compounds [49–51].  

The tadpoles of wood frogs are omnivores, consuming algae, macrophytes, detritus and small 

invertebrates, which may also act as a dietary source of aquatic contaminants resulting in 

bioaccumulation. Tadpoles and frogs are common sources of prey in most aquatic ecosystems of Canada, 

fish often target adult frogs as a favored food source and this interaction may introduce contaminants to 

trophic webs and eventually human consumers.  
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1.4.3 Amphibians and PAC Induced Toxicity and Metabolism 

Amphibians are relatively understudied in comparison with fish regarding biological mechanisms 

and responses to the exposure of PACs. Similar to many other vertebrate species, PACs bind to the aryl 

hydrocarbon receptor (AhR) and induce the expression and activity of CYP1A1 and other similar phase 1 

detoxification enzymes.  The molecular shape, size, location and number of alkyl substituents on PACs all 

have a relationship with the AhR binding affinity [27,33]. Cytochrome enzymes oxygenate hydrocarbon 

compounds preparing them for conjugation, however, the oxygenation of certain types of PACs results in 

increased toxicity of the metabolite compared to its original parent compound [52]. Although not all PACs 

induce CYP enzymes, crude oil exposure will result in the oxygenation of all hydrocarbons accumulated 

as many of the PACs in crude oil bind to the AhR and are potent CYP1A1 inducers [52].  

Typically, PACs have two main mechanisms of toxicity within the cellular environment: 1) PACs 

may bind to lipid-rich sites in cells and disrupt the normal cellular process, known as narcosis, or 2) PAC 

metabolites may bind covalently to cellular structures and macromolecules such as DNA, RNA or 

proteins. For example, benzo(a)pyrene (B(a)P) is a PAC that forms a reactive intermediate once 

oxygenated by CYP1A1 enzymes, B(a)P diol epoxide can cause oxidative stress in cells and cause 

damage to such macromolecules as DNA [53]. DNA damage from oxygenated hydrocarbons can cause 

DNA lesions, base pair removals and DNA abducts, which if occurring in either the DNA promoter or 

terminator regions may lead toward the progression of cancers in the cell. In addition to metabolic action, 

PACs can react with certain wave lengths of sunlight, which have been demonstrated to increase the 

formation of reactive intermediates [55].  

There are inter-species differences and a general trend toward amphibian hepatocytes being less 

sensitive to CYP induction than mammalian hepatocytes [49,56]. Many amphibian species show a lower 

affinity for PAC ligand binding to the AhR, which may infer a natural tolerance to specific antagonists 

such as B(a)P [57].  Anuran species tend to utilize sulfotransferase and sulfate conjugation as a primary 

phase 2 detoxification mechanism, unlike mammals which primarily use glucuronidation [58,59]. Sulfate 
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conjugation is a saturable cellular process, meaning that when sulfotransferase enzymes are saturated, or 

all occupied, toxic intermediates can accumulate to dangerous levels. The life stage of amphibians also 

plays a large role in the effectiveness of detoxification; biotransformation rates of xenobiotics is 

maximally effective during the metamorphic life stage (Gosner stage 42), while embryonic and larval life 

stages show the greatest susceptibility to contaminants [49,51].  

Cardiotoxicity is one of the most common effects observed in many teleost species after a 

developmental exposure to PACs such as benzo(a)pyrene [61]. Amphibian species experience 

cardiotoxicity on developmental exposures, but predictions of severity and sensitivity are complicated due 

to large inter-species differences among amphibians and a lack of precedent setting work conducted [62].  

Exposure to PACs found in crude oil have been well demonstrated to disrupt or impair the normal 

function of endocrine systems in teleosts and amphibians; thyroid hormone receptor beta (TRB) 

expression was highly affected by PAC exposure in amphibians [63,64]. Alterations in metamorphosis 

timelines and developmental outcomes occur in L. sylvaticus raised in reclaimed wetlands contaminated 

with PACs [43,45]. The normal activity of the hypothalamus-pituitary-thyroid (HPT) axis is critical for 

growth, development and reproduction of amphibians, but is disrupted by exposure to crude oil [63].  

Exposure to certain PACs including naphthalene can disrupt the normal gas exchange mechanism in 

amphibian integument, leading to decreased CO2 excretion rates, and potentially to asphyxiation [65]. 

Disruptions in gas exchange can impair fitness or survival if respiration is sufficiently impaired. Exposure 

to B(a)P resulted in the disruption of normal steroid biosynthesis pathways and metabolic disorder related 

pathways in amphibians [66]. Steroidal pathways are critical for the formation of hormones that regulate 

the bodies endocrine systems and homeostasis.  

Even low concentrations of PACs can cause acute lethality to amphibian embryos, and tadpoles 

that survived the PAC exposures displayed behavioral and morphological abnormalities such as twisted 

spines and irregular swimming patterns indicating chronic, sub-lethal effects from embryonic PAC 

exposures [51,67]. The jelly coating around amphibians’ eggs, known as the extra-cellular matrix confers 
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protection against the embryonic exposure of PACs, acting as a sequestering agent to shield the embryos 

[67]. The targeted organ accumulation and toxicity is typically localized to the kidneys and liver, and 

compounds such as B(a)P cause metabolic and transcriptomic toxicity and carcinogenicity in amphibian 

hepatocytes [66,68].  This data provides evidence that PACs and other similar AhR antagonists in crude 

oil may lead to adverse biological responses in developing amphibians either through mechanisms of 

increased genotoxicity, narcosis or disrupted endocrine signaling [69].  

1.5  Research Objectives and Thesis Structure 

1.5.1 Research Objectives 

The objective of this research body is to provide ecologically relevant toxicity data for an 

abundant and native amphibian species, the wood frog. The research objectives were met via two separate 

experiments with wood frog tadpoles conducted at field stations in the summers of 2017 and 2018.  The 

first experiment was conducted in 2017 at Queen’s University Biological Station (Elgin, Ontario) and 

aimed to quantify the severity and extent of the negative effects of oil sands contaminated snowmelt on 

the growth and development of larval wood frogs. The second experiment was conducted in 2018 at the 

International Institute for Sustainable Development – Experimental Lakes Area (Dryden District, Ontario) 

and was designed to understand the severity and extent of biological effects of a diluted bitumen spill 

would have on developing amphibians.  

1.5.2 Research Questions 

1A) Do PACs and metals found within AOSR snowmelt accumulate in juvenile L. sylvatica tadpoles? 

1B) Does exposure to contaminated snowmelt cause disruption of metamorphosis related gene expression 

in L. sylvatica tadpoles?  

1C) Does exposure to contaminated snowmelt affect mortality rates, hatch success, growth, development, 

and alter behaviour of juvenile L. sylvatica? 

2A) Does a simulated freshwater diluted bitumen spill negatively affect the growth and development of L. 

sylvatica tadpoles?  
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2B) Do the extent and severity of the biological effects of diluted bitumen increase with increasing oil 

loading? 

1.5.3 Research Predictions 

1)  Snowmelt from the AOSR is contaminated with PACs and other petrogenic pollutants. Concentrations 

of these contaminants should increase the closer snowpack is located to oil sands operations. I predict that: 

A) tadpoles exposed to snowmelt collected close to oil sands operations will accumulate greater 

concentrations of contaminants; B) exposure to snowmelt collected near to oil sands operations will result 

in the disruption of gene expression related to metamorphosis and development in L. sylvatica; and C) 

exposure to snowmelt sourced from closer proximity to oil sands operations will reduce survival, lower 

hatch success, impair growth and development, and will alter behaviors of L. sylvatica. 

2) A diluted bitumen spill in a freshwater environment will contaminate the water column with dissolved 

PACs and metals. I predict that: A) the fraction of dilbit contaminants dissolved in lake water following a 

spill will negatively affect the growth and development of larval L. sylvatica; and B) the severity and 

extent of biological response will be proportional to the initial oil loading, where larger oil spills will exert 

more severe effects.  

1.6 References 

1. Canadian Association of Petroleum Producers. 2015. Crude oil forecast, market and transportation 

2015 report. CAPP. Available from www.capp.ca/canadian-oil-and-natural-gas/oil-sands/oil-

sands-development. 

2. Canadian Association of Petroleum Producers. 2017. Crude oil forecast, market and transportation 

2017 report. CAPP. Available from www.capp.ca/publications-and-statistics/publications  

3. Natural Resources Canada. 2016. Energy fact book 2016 – 2017. NRC. Available from 

www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/EnergyFactBook_2016_17_En.pdf 

4. Cenovus Energy. 2016. 2016 Corporate responsibility report. Ceneovus Enegry. Available from 

www.cenovus.com/reports/2016/2016-cr-report.pdf. 



14 

 

5. Dew WA, Hontela A, Rood SB, Pyle GG. 2015. Biological effects and toxicity of diluted bitumen 

and its constituents in freshwater systems. J. Appl. Toxicol. 35:1219–1227. 

6. Li C, Fu L, Stafford J, Belosevic M, Gamal El-Din M. 2017. The toxicity of oil sands process-

affected water (OSPW): A critical review. Sci. Total Environ. 601:1785–1802. 

7. Kavanagh RJ, Frank RA, Oakes KD, Servos MR, Young RF, Fedorak PM, MacKinnon MD, 

Solomon KR, Dixon DG, Van Der Kraak G. 2011. Fathead minnow (Pimephales promelas) 

reproduction is impaired in aged oil sands process-affected waters. Aquat. Toxicol. 101:214–220. 

8. Liggio J, Li S-M, Hayden K, Taha YM, Stroud C, Darlington A, Drollette BD, Gordon M, Lee P, 

Liu P, Leithead A, Moussa SG, Wang D, O’Brien J, Mittermeier RL, Brook JR, Lu G, Staebler 

RM, Han Y, Tokarek TW, Osthoff HD, Makar PA, Zhang J, L. Plata D, Gentner DR. 2016. Oil 

sands operations as a large source of secondary organic aerosols. Nature. 534:91–94. 

9. Harner T, Rauert C, Muir D, Schuster JK, Hsu Y, Zhang L, Marson G, Watson JG, Ahad J, Cho S, 

Jariyasopit N, Kirk J, Korosi J, Landis MS, Martin JW, Zhang Y, Fernie K, Wentworth GR, 

Wnorowski A, Dabek E, Charland J, Pauli B, Wania F, Galarneau E, Cheng I, Makar P, Whaley C, 

Chow JC, Wang X. 2018. Air synthesis review: polycyclic aromatic compounds in the oil sands 

region.  Environmental Reviews. 468:430–468. 

10. Manzetti S. 2013. Polycyclic aromatic hydrocarbons in the environment: environmental fate and 

transformation. Polycycl. Aromat. Compd. 33:311–330. 

11. Cheng I, Wen D, Zhang L, Wu Z, Qiu X, Yang F, Harner T. 2018. Deposition mapping of 

polycyclic aromatic compounds in the oil sands region of Alberta , Canada and linkages to 

ecosystem impacts. Environ. Sci. Technol. 52:12456–12464. 

12. Alberta Energy Regulator. 2006. Directive 058: storage requirements for the upstream petroleum 

industry. AER. Available from www.aer.ca/documents/directives/Directive058.pdf 

13. Manzano CA, Marvin C, Muir D, Harner T, Martin J, Zhang Y. 2017. Heterocyclic aromatics in 

petroleum coke, snow, lake sediments, and air samples from the Athabasca oil sands region. 



15 

 

Environ. Sci. Technol. 51(10):5445-5453.  

14. Xu G. 2018. Atmospheric Benzo[a]pyrene and vanadium evidence for the presence of petroleum 

coke dust in the Athabasca oil sands region, Alberta, Canada. J. Clean. Prod. 171:592–599. 

15. Alberta Energy Regulator. 2013. ST39: Alberta mineable oil sands plant statistics. AER. Available 

from http://www.aer.ca/data-and-publications/statistical-reports/st39. 

16. Kurek J, Kirk JL, Muir DCG, Wang X, Evans MS, Smol JP. 2013. Legacy of a half century of 

Athabasca oil sands development recorded by lake ecosystems. Proc. Natl. Acad. Sci. 110:1761–

1766. 

17. Kirk JL, Muir DCG, Gleason A, Wang X, Lawson G, Frank RA, Lehnherr I, Wrona F. 2014. 

Atmospheric deposition of mercury and methylmercury to landscapes and waterbodies of the 

Athabasca Oil Sands region. Environ. Sci. Technol. 48:7374–7383. 

18. Bari MA, Kindzierski WB, Cho S. 2014. A wintertime investigation of atmospheric deposition of 

metals and polycyclic aromatic hydrocarbons in the Athabasca Oil Sands Region, Canada. Sci. 

Total Environ. 485:180–192. 

19. Manzano CA, Marvin C, Muir D, Harner T, Martin J, Zhang Y. 2017. Heterocyclic aromatics in 

petroleum coke, snow, lake sediments, and air samples from the Athabasca oil sands region. 

Environ. Sci. Technol. 51:5445–5453. 

20. Wayland M, Headley J V., Peru KM, Crosley R, Brownlee BG. 2008. Levels of polycyclic 

aromatic hydrocarbons and dibenzothiophenes in wetland sediments and aquatic insects in the oil 

sands area of Northeastern Alberta, Canada. Environ. Monit. Assess. 136:167–182. 

21. Kelly EN, Short JW, Schindler DW, Hodson P V., Ma M, Kwan AK, Fortin BL. 2009. Oil sands 

development contributes polycyclic aromatic compounds to the Athabasca River and its tributaries. 

Proc. Natl. Acad. Sci. 106:22346–22351. 

22. Manzano CA, Muir D, Kirk J, Teixeira C, Siu M, Wang X, Charland JP, Schindler D, Kelly E. 

2016. Temporal variation in the deposition of polycyclic aromatic compounds in snow in the 



16 

 

Athabasca Oil Sands area of Alberta. Environ. Monit. Assess. 188:107-142. 

23. Shotyk W, Appleby PG, Bicalho B, Davies LJ, Froese D, Grant-Weaver I, Magnan G, Mullan-

Boudreau G, Noernberg T, Pelletier R, Shannon B, Van Bellen S, Zaccone C. 2017. Peat bogs 

document decades of declining atmospheric contamination by trace metals in the Athabasca 

bituminous sands region. Environ. Sci. Technol. 51:6237–6249. 

24. Zhang Y, Shotyk W, Zaccone C, Noernberg T, Pelletier R, Bicalho B, Froese DG, Davies L, 

Martin JW. 2016. Airborne petcoke dust is a major source of polycyclic aromatic hydrocarbons in 

the Athabasca oil sands region. Environ. Sci. Technol. 50:1711–1720. 

25. Summers JC, Kurek J, Rühland KM, Neville EE, Smol JP. 2017. Assessment of multi-trophic 

changes in a shallow boreal lake simultaneously exposed to climate change and aerial deposition of 

contaminants from the Athabasca oil sands region, Canada. Sci. Total Environ. 592:573–583. 

26. Parrott JL, Marentette JR, Hewitt LM, McMaster ME, Gillis PL, Norwood WP, Kirk JL, Peru KM, 

Headley J V., Wang Z, Yang C, Frank RA. 2018. Meltwater from snow contaminated by oil sands 

emissions is toxic to larval fish, but not spring river water. Sci. Total Environ. 625:264–274. 

27. Alsaadi F, Hodson P V., Langlois VS. 2017. An embryonic field of study: The aquatic fate and 

toxicity of diluted bitumen. Bull. Environ. Contam. Toxicol. 100:1–6. 

28. Dupuis A, Ucan-Marin F. 2015. A literature review on the aquatic toxicology of petroleum oil: an 

overview of oil properties and effects to aquatic biota. DFO Can. Sci. Advis. Sec. Res. Available 

from www.publications.gc.ca/collections/collection_2015/mpo-dfo/Fs70-5-2015-007-eng.pdf 

29. Belvederesi C, Thompson MS, Komers PE. 2017. Canada’s federal database is inadequate for the 

assessment of environmental consequences of oil and gas pipeline failures. Environ. Rev. 25:415–

422. 

30. Nartural Resources Canada. 2014. Pipeline safety: pipelines across Canada. NRC. Available from 

www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/files/pdf/14-0277 

31. Ball A, Truskewycz A. 2013. Polyaromatic hydrocarbon exposure: an ecological impact 



17 

 

ambiguity. Environ. Sci. Pollut. Res. 20:4311–4326. 

32. Barron MG, Conmy RN, Holder EL, Meyer P, Wilson GJ, Principe VE, Willming MM. 2018. 

Toxicity of Cold Lake Blend and Western Canadian Select dilbits to standard aquatic test species. 

Chemosphere. 191:1–6. 

33. Alsaadi FM, Madison BN, Brown RS, Hodson P V, Langlois VS. 2018. Morphological and 

molecular effects of two diluted bitumens on developing fathead minnow (Pimephales promelas). 

Aquat. Toxicol. 204:107–116. 

34. Environment Canada Emergiencies Science and Technology Division. 1992. Cold Lake blend 

information sheet. EC ES and TD. Available from www.etc-cte.ec.gc.ca 

35. Lee K, Boufadel M, Chen B, Foght J, Hodson P, Swanson S, Venosa A. 2015. Expert panel report 

on the behaviour and environmental impacts of crude oil released into aqueous environments. 

Royal Society of Canada, Ottawa, ON. Available from www.rsc-src.ca  

36. Sandlos J, Keeling A. 2018. Toxic legacies, slow violence, and environmental injustice at Giant 

Mine, Northwest Territories. North. Rev. 42:7–21. 

37. Okonkwo GE. 2011. The use of small ephemeral wetlands and streams by amphibians in the 

mixedwood forest. Univeristy of Alberta. Available from 

https://era.library.ualberta.ca/items/d93af0b0-9afa-44f6-814c-780ca1cc3c3a 

38. Petranka JW, Thomas DAG. 1995. Explosive breeding reduces egg and tadpole cannibalism in the 

wood frog, Rana sylvatica. Anim. Behav. 50:731–739. 

39. Lee-Yaw JA, Irwin JT, Green DM. 2008. Postglacial range expansion from northern refugia by the 

wood frog, Rana sylvatica. Mol. Ecol. 17:867–884. 

40. Tompsett AR, Wiseman S, Higley E, Giesy JP, Hecker M. 2013. Effects of exposure to 17α-

ethynylestradiol during larval development on growth, sexual differentiation, and abundances of 

transcripts in the liver of the wood frog (Lithobates sylvaticus). Aquat. Toxicol. 126:42–51. 

41. Sanzo D, Hecnar SJ. 2006. Effects of road de-icing salt (NaCl) on larval wood frogs (Rana 



18 

 

sylvatica). Environ. Pollut. 140:247–256. 

42. LanctÔt C, Navarro-Martín L, Robertson C, Park B, Jackman P, Pauli BD, Trudeau VL. 2014. 

Effects of glyphosate-based herbicides on survival, development, growth and sex ratios of wood 

frog (Lithobates sylvaticus) tadpoles. II: Agriculturally relevant exposures to Roundup 

WeatherMax® and Vision® under laboratory conditions. Aquat. Toxicol. 154:291–303. 

43. Hersikorn BD, Ciborowski JJC, Smits JEG. 2010. The effects of oil sands wetlands on wood frogs 

(Rana sylvatica). Toxicol. Environ. Chem. 92:1513–1527. 

44. Smits JEG, Hersikorn BD, Young RF, Fedorak PM. 2012. Physiological effects and tissue residues 

from exposure of leopard frogs to commercial naphthenic acids. Sci. Total Environ. 437:36–41. 

45. Hersikorn BD, Smits JEG. 2011. Compromised metamorphosis and thyroid hormone changes in 

wood frogs (Lithobates sylvaticus) raised on reclaimed wetlands on the Athabasca oil sands. 

Environ. Pollut. 159:596–601. 

46. Melvin SD, Trudeau VL. 2012. Toxicity of naphthenic acids to wood frog tadpoles (Lithobates 

sylvaticus). J. Toxicol. Environ. Heal. - Part A Curr. Issues. 75:170–173. 

47. Melvin SD, Trudeau VL. 2012. Growth, development and incidence of deformities in amphibian 

larvae exposed as embryos to naphthenic acid concentrations detected in the Canadian oil sands 

region. Environ. Pollut. 167:178–183. 

48. Mundy LJ, Bilodeau J, Schock DM, Thomas P, Blais JM PBS. 2018. Utilizing wood frog 

(Lithobates sylvaticus) tadpoles and semipermeable membrane devices to monitor polycyclic 

aromatic compounds in boreal wetlands in the oil sands region of northern Alberta, Canada. 

Chemosph. 214:148-157.  

49. Leney JL, Balkwill KC, Drouillard KG, Haffner GD. 2006. Determination of polychlorinated 

biphenyl and polycyclic aromatic hydrocarbon elimination rates in adult green and leopard frogs. 

Environ. Toxicol. Chem. 25:1627–1634. 

50. Leney JL, Drouillard KG, Haffner GD. 2006. Metamorphosis increases biotransformation of 



19 

 

polychlorinated biphenyls: a comparative study of polychlorinated biphenyl metabolism in green 

frogs (Rana Clamitans) and leopard frogs (Rana Pipiens) at various life stages. Environ. Toxicol. 

Chem. 25:2971. 

51. Greulich K, Pflugmacher S. 2003. Differences in susceptibility of various life stages of amphibians 

to pesticide exposure. Aquat. Toxicol. 65:329–336. 

52. Hodson P V. 2017. The toxicity to fish embryos of PAH in crude and refined oils. Arch. Environ. 

Contam. Toxicol. 73:12–18. 

53. Wojtaszek BF. 2000. Quantifying toxicological stress in amphibians: the influence of 

hydrophobicity on PAH and PCB elimination rates in Northem leopard frogs (Rana Pipiens). 

Univeristy of Windsor. Available from 

https://scholar.uwindsor.ca/cgi/viewcontent.cgi?article=4254&context=etd 

54. Martin JD. 2011. Comparative toxicity and bioavailability of heavy fuel oils to fish using different 

exposure scenarios. Queen's University. Available from 

http://qspace.library.queensu.ca/handle/1974/6610. 

55. Currie Z. 2018. Assessing the toxicity of a petroleum-based hydraulic oil to aquatic organisms and 

the photo-induced toxicty of polycyclic aromatic hydrocarbons in two amphibian species. 

University of Saskatchewan. Available from https://harvest.usask.ca/handle/10388/9243 

56. Rankouhi TR, Koomen B, Sanderson JT, Bosveld ATC, Seinen W, van den Berg M. 2005. 

Induction of ethoxy-resorufin-O-deethylase activity by halogenated aromatic hydrocarbons and 

polycyclic aromatic hydrocarbons in primary hepatocytes of the green frog (Rana esculenta). 

Environ. Toxicol. Chem. 24:1428–1435. 

57. Rowatt AJ, DePowell JJ, Powell WH. 2003. ARNT gene multiplicity in amphibians: 

characterization of ARNT2 from the frog Xenopus laevis. J. Exp. Zool. B. Mol. Dev. Evol. 300:48–

57. 

58. Ose K, Miyamoto M, Fujisawa T, Katagi T. 2017. Bioconcentration and metabolism of 



20 

 

pyriproxyfen in tadpoles of african clawed frogs, Xenopus laevis. J. Agric. Food Chem. 65:9980-

9986 

59. Ueda H, Ikenaka Y, Nakayama SMM, Tanaka-Ueno T, Ishizuka M. 2011. Phase-II conjugation 

ability for PAH metabolism in amphibians: Characteristics and inter-species differences. Aquat. 

Toxicol. 105:337–343. 

60. Manzetti S. 2012. Ecotoxicity of polycyclic aromatic hydrocarbons, aromatic amines, and 

nitroarenes through molecular properties. Environ. Chem. Lett. 10:349–361. 

61. Hicken CE, Linbo TL, Baldwin DH, Willis ML, Myers MS, Holland L, Larsen M, Stekoll MS, 

Rice SD, Collier TK, Scholz NL, Incardona JP. 2011. Sublethal exposure to crude oil during 

embryonic development alters cardiac morphology and reduces aerobic capacity in adult fish. 

Proc. Natl. Acad. Sci. U. S. A. 108:7086–7090. 

62. Sestak MC, Pinette JA, Lamoureux CM, Whittemore S. 2018. Early exposure to polycyclic 

aromatic hydrocarbons (PAHs) and cardiac toxicity in a species (Xenopus laevis) with low aryl 

hydrocarbon receptor (AHR) responsiveness. bioRxiv: doi: https://doi.org/10.1101/301846 

63. Carr JA, Patiño R. 2011. The hypothalamus-pituitary-thyroid axis in teleosts and amphibians: 

Endocrine disruption and its consequences to natural populations. Gen. Comp. Endocrinol. 

170:299–312. 

64. Truter JC, van Wyk JH, Oberholster PJ, Botha AM, Mokwena LM. 2017. An evaluation of the 

endocrine disruptive potential of crude oil water accommodated fractions and crude oil 

contaminated surface water to freshwater organisms using in vitro and in vivo approaches. 

Environ. Toxicol. Chem. 36:1330–1342. 

65. Stabenau E, Giczewski D, Maillacheruvu K. 2006. Uptake and elimination of naphthalene from 

liver, lung, and muscle tissue in the leopard frog (Rana pipiens). J. Environ. Sci. Health. A. Tox. 

Hazard. Subst. Environ. Eng. 41:1449–1461. 

66. Regnault C, Worms IA, Oger-Desfeux C, MelodeLima C, Veyrenc S, Bayle M-L, Combourieu B, 



21 

 

Bonin A, Renaud J, Raveton M, Reynaud S. 2014. Impaired liver function in Xenopus tropicalis 

exposed to benzo[a]pyrene: transcriptomic and metabolic evidence. BMC Genomics. 15:666. 

67. Marquis O, Millery A, Guittonneau S, Miaud C. 2006. Toxicity of PAHs and jelly protection of 

eggs in the Common frog Rana temporaria. Amphib. Reptil. 27:472–475. 

68. Reynaud S, Worms IAM, Veyrenc S, Portier J, Maitre A, Miaud C, Raveton M. 2012. 

Toxicokinetic of benzo[a]pyrene and fipronil in female green frogs (Lithobates clamitans). 

Environ. Pollut. 161:206–214. 

69. Lara-jacobo LR, Willard B, Wallace SJ, Langlois VS. 2019. Cytochrome P450 1A transcript is a 

suitable biomarker of both exposure and response to diluted bitumen in developing frog. Environ. 

Pollut. 246:501–508. 



22 

 

Chapter 2.  

Snowmelt from the Athabasca Oil Sands Region Impairs Growth and 

Development of Larval Wood Frogs (Lithobates sylvaticus) 

Abstract 

Canadian oil sands operations emit atmospheric pollutants, including polycyclic aromatic 

compounds (PACs) and metals, which are known to accumulate in snowpack. To assess the potential of 

oil sands contaminants in snow to bioaccumulate in tadpole tissues, disrupt metamorphosis-related genes 

and affect the growth, development, and behaviour of the wood frog (Lithobates sylvaticus). Frog embryos 

were housed in 24 outdoor mesocosms and exposed to snow collected near (<50 km) or far (>50 km) from 

oil sands development, or natural pond water (negative control). After a 25-day exposure, whole-body 

concentrations of PACs in tadpoles exposed to near-field snow were as high as 272,186 ng g-1 (wet 

weight), three orders of magnitude greater than concentrations in tadpoles exposed to far-field snow. 

Expression levels of thyroid hormone receptor-beta were upregulated (1.3-3.8 fold) in tadpoles exposed to 

near-field snow. Furthermore, these tadpoles were significantly smaller, had a higher frequency of 

malformations, and were less developed than those in control and far-field treatments. Delays in growth 

and development persisted even after exposure to contaminated snow had ceased. These findings suggest 

amphibian populations may be at risk when contaminated snow near oil sands development melts into 

wetlands they use to breed. 
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Graphical Abstract 

  

Graphical Abstract Caption: The embryonic exposure of wood frogs to contaminated snowmelt sampled from 

proximity (0-50 km) to oil sands operations resulted in the accumulation of contaminants, disruption of 

metamorphosis related genes, altered behavior, and delays in growth and development which persisted even 

after exposure had ceased. 
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2.1. Introduction 

The Athabasca Oil Sands Region (AOSR) in northern Alberta, Canada, holds the third largest global 

reserve of extractable crude petroleum [1]. The Canadian oil sands industry is a major emitter of toxic air 

pollutants such as polycyclic aromatic compounds (PACs), and a suite of metals including lead, cadmium, 

and mercury [2–4]. These come from several sources, including stack emissions from bitumen upgrading 

facilities, volatilization from tailing ponds, as well as fugitive dust from petroleum coke stockpiles, open-

pit mining operations, and roads [4]. Some of the air pollutants produced within the AOSR can be 

deposited to surrounding ecosystems with snowfall or can directly deposit onto snowpack surface [4–9]. 

Snow represents a significant proportion of the Athabasca region’s average annual precipitation and is an 

important input for the yearly water balance of aquatic ecosystems [10]. Several recent studies examining 

metal and PAC accumulation within Athabasca snowpack have determined that the concentration of 

contaminants is higher within a 50-km radius of a study site known as KAR6 [5,7,11–15], which is 

located in the center of oil sands mining operations between two major bitumen upgrading facilities [16].  

Many PACs measured in AOSR snowpack have well documented toxicity to developing aquatic 

species [17,18]. For example, benzo[a]pyrene is a known carcinogenic PAC and has been shown to cause 

toxicity to aquatic species in both the juvenile and adult life stages [19,20]. In addition, methylmercury is 

a potent neurological toxicant that can result in significant cognitive, developmental and behavioural 

effects in many aquatic species [21–23]. During spring thaw, melting of snow may release these toxicants 

into aquatic ecosystems in the AOSR, potentially posing a health risk to fish and wildlife; however, the 

extent and the severity of the negative impact on growth and development of aquatic species is not known. 

Only one study has explicitly tested the toxicological effects of snowpack contamination in the AOSR, 

and found that larval fish exposed in laboratory assays to snow sampled near site KAR6 experienced 

lower survival and an increased incidence of deformities [24].  

Amphibians in the AOSR that may be at potential risk from contaminants accumulated in 

snowpack. Embryonic and larval life stages of amphibians are particularly sensitive to pollutants due to 
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their highly permeable egg membranes, increased sensitivity in the hypothalamus-pituitary-thyroid 

endocrine signaling systems, and reduced metabolic capability [25,26]. Amphibians experimentally reared 

in hydrocarbon-contaminated water and reclaimed wetlands near oil sands operations display delayed 

development, compromised thyroid function, and reduced body size [25,27–29].  Laboratory-based 

exposure studies have also demonstrated behavioral impacts in amphibians from PACs exposure, 

including changes in swimming activity in Limmnodynastes peronii exposed to PACs and heavy metals in 

coal mine waste water [30]. However, none of these studies are specific to the impacts of the complex 

mixture of contaminants in AOSR snowpack. Additionally, recent review papers examining the effects of 

oil sands process effected water on different aquatic vertebrates clearly demonstrated that amphibians are 

understudied compared to fish and birds [31–33]. 

In this study, we examined the toxicological effects of contaminated snowpack in the AOSR on 

amphibians in a field-based mesocosm experiment using the common wood frog (Lithobates sylvaticus). 

The wood frog is a native and abundant species in the AOSR that breeds in vernal pools in early spring 

[34]. Females lay large egg masses in shallow water from which larvae hatch and develop in these pools 

over the next 3 months before emerging on land in mid to late summer [34,35]. The objective of our study 

was to determine the effects of exposure to melt waters from AOSR snowpack on early life stages of the 

wood frog. We compared the contaminant body burden and metrics of growth and development from 

wood frogs exposed to melt waters from snowpack samples collected within (“near-field”) and outside 

(“far-field”) a 50-km radius of site KAR6. We examined a comprehensive suite of sublethal endpoints 

both during and after early-life stage exposure to melted snow from the AOSR to examine both the 

immediate and latent effects of contaminants in snowpack on developing amphibians. First, we 

hypothesized that wood frogs exposed to snowmelt from the near-field zone would accumulate higher 

concentrations of PACs and Hg in their tissues than those exposed to snowmelt from the far-field zone 

(hypothesis H1). Second, we hypothesized that wood frogs exposed to snowmelt from the near-field zone 

would have altered expression of genes associated with metamorphosis than those exposed to snowmelt 
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from the far-field zone (hypothesis H2).  Third, we hypothesized that wood frogs exposed to snowmelt 

from the near-field zone would experience a higher mortality rate, lower hatch success, impaired growth 

and development, and altered behaviour, in comparison to those exposed to snowmelt from the far-field 

zone (hypothesis H3). Our study is the first to examine the bioaccumulation of contaminants and potential 

adverse effects in AOSR snowmelt on amphibians, and the first field-based ecotoxicological assessment 

of AOSR snowpack contamination.   

2.2. Experimental Section 

2.2.1. Snow Collection 

Snow collection in Athabasca was carried out as described in Kirk et al. and Manzano et al. 

[7,11]. Snow pack samples were collected from six sites at varying distances from the major oil sands 

developments: three near-field sites 0-km, 6-km and 43-km, and three far-field sites 83-km, 112-km and 

144-km (Figure 2-1). Based on historical snow accumulation data for the Fort McMurray region, the 

snowpacks were sampled on March 6-9th, 2017 at maximum snowpack depth, just prior to snowmelt. 

Sampling sites were accessed by helicopter and snowpack samples were collected 50-100 m upwind of 

landing sites. Snow pits were dug to the bottom of the snowpack and the complete snowpack profile was 

collected using acid-washed stainless-steel tools. Snow samples for toxicity assays, PACs, water 

chemistry analyses, and determination of snow water equivalence were collected into seven 13 L pre-

cleaned high-density polypropylene pails using custom-made stainless-steel corers. Snow for Hg analyses 

was collected into three 1L IChem© glass jars (one for Total Mercury (THg) analysis, one for 

Methylmercury (MeHg), one that was later filtered and split into samples for THg and MeHg analysis). 

After collection, the snow was kept frozen at -20°C for processing and for analysis at the Canada Centre 

for Inland Waters (Burlington, Ontario) or the Queen’s University Biosciences Complex (Kingston, 

Ontario).  
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Figure 2-1. A map of snowpack collection sites from the Athabasca Oil Sands Region in 2017, with sites named 

based on their location relative to bitumen upgrader KAR6: KAR6 = 0-km, KST2 = 6-km, KMU1 = 43-km, 

P51 = 83-km, KAR10 = 112-km, S46 = 144-km. All sites used are previously described in Kelly et al. 2009 and 

Kirk et al. 2014 [14,62].  

2.2.2. Experimental Design of Toxicological Assays 

   To assess the potential toxicological effects of snow contamination from oil sands operations, we 

exposed early life stages of wood frogs to snow sampled from the AOSR. Our experiment included eight 

treatments with three replicates of each: snow from the 3 near-field sites, snow from the 3 far-field sites 

and two controls (Table 2-1). For the snow treatments, freshly melted snow was mixed with natural pond 

water (1:1 ratio, by volume). Natural pond water was sourced from a local wetland, Skycroft Pond 
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(44°32'54.4"N, 76°21'56.3"W). The two controls included a negative control treatment (N) consisting of 

100% Skycroft Pond water and an osmotic control treatment (O) consisting of 50% pond water and 50% 

distilled water. The osmotic control was included to simulate the low ionic composition of snow to assess 

the potential impacts of low dissolved salt concentrations on the tadpoles.  

On April 14th, 2017 (hereafter, day 0) five wood frog egg clutches containing a total of ~4000 

eggs were collected from Skycroft Pond at the Queen’s University Biological Station (QUBS) near Elgin, 

Ontario, Canada. Egg masses were transported back to the station in water-filled containers, where they 

were split into clusters of approximately 200 eggs and randomly distributed into 24 outdoor microcosms 

(3L food-grade stainless steel bowls). Treatments were assigned to microcosms using a stratified 

randomization scheme. Wood frogs were exposed to experimental treatments for 25 days, throughout the 

embryo and hatchling stages (Gosner Stage (GS) 1 – 25) [36]. To simulate the semi-continuous influx of 

snowmelt that typically occurs during the spring, treatment water in each microcosm was changed every 3 

days (50% of total volume removed, and 50% stock treatment water added). Microcosms were housed 

inside a water bath to buffer against rapid temperature changes. The temperature of the water bath 

fluctuated according to ambient temperatures, except when freezing temperatures were expected 

overnight, water baths were warmed to above 4ᵒC. 

After the 25-day exposure period, larval tadpoles (~GS 25) were transferred to larger polyethylene 

plastic mesocosms containing 300 L of pond water from Skycroft Pond (days 26-80). This depuration 

period simulated the end of the spring pulse of snowmelt as contaminants may be lost from wetlands due 

to volatization, sedimentation, and loss through the outflow. The depuration period consisted of two 

parallel toxicity assessments: subexperiment A focused on survival, growth and developmental endpoints, 

whereas subexperiment B focused on behavioural endpoints. Subexperiment B was doubled-blinded and 

consisted of weekly observations of feeding behaviour, a motion-tracking test, and an exploration test.  In 

subexperiment A, 20 tadpoles from each exposure tank were randomly selected and transferred into 

polyethylene mesocosms containing ~300 L of natural pond water. In Subexperiment B 10 tadpoles from 
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each replicate were randomly selected and placed in a smaller polyethylene mesocosm containing ~12 L 

clean pond water, with 50% of the water being changed weekly. In both subexperiment A and B tadpoles 

were fed 1 g of boiled organic spinach daily.  

Wood frogs were raised outdoors at QUBS to expose the animals to ambient environmental 

conditions. Water temperature, pH, and dissolved oxygen in mesocosms were measured daily and were 

within the same range of Skycroft pond where egg masses were initially collected. Skycroft pond recorded 

an average water temperature of 18.28 °C, a mean pH of 8.43 and a mean DO concentration of 4.54 mg/L 

during the depuration period. Minimum and maximum air temperatures during the experiment (April 14th 

– July 15th, 2017) averaged 10.2°C and 20.1°C, respectively. During the exposure period, the average pH 

of treatment waters was 9.7 with an average water temperature of 7.5 °C. During the depuration period, 

average pH, DO and water temperature of subexperiment A mesocosms were 8.9, 4.5 mg/L, and 18.0 °C, 

respectively, whereas the average pH, DO and water temperature of subexperiment B mesocosms were 

9.4, 8.7 mg/L and 17.0 °C.  

2.2.3. Chemical Analyses of Snowmelt and Treatment Waters 

Samples of snowmelt and pond water from each of the 8 treatments were analyzed for total 

mercury (THg) at the Canadian Center for Inland Waters (CCIW) in Burlington, ON, Canada following an 

adapted protocol from Kirk et al. [7,11]. Analyses of standard water chemistry parameters 

(particulate/dissolved carbon, nitrogen and phosphorus, pH, alkalinity, fluoride, chloride, sulfate, 

ammonia, nitrate and nitrite, calcium, magnesium, sodium potassium and silica) were carried out by the 

National Laboratory for Environmental Testing. Extended water chemistry parameters are available within 

the supplementary information (Appendix B). Analyses for PAC concentrations were conducted at the 

Pacific Yukon laboratory for Environmental Testing in Vancouver, British Columbia, following methods 

specified in Manzano et al. for snowpack samples [11]. Fluorescence spectroscopy to detect the relative 

abundance of double-bond hydrocarbons was carried out on snowmelt samples for each treatment at 

Queen’s University (Kingston, Ontario) using a method adapted from Mirnaghi et al. (2018) [37]. 
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2.2.4. Tissue Concentrations of PACs 

A pooled sample of ~200 tadpoles from each treatment were collected at the end of the exposure 

period and analyzed for whole-body concentrations of PACs at the Laboratory for the Analysis of Natural 

and Synthetic Environmental Toxins at the University of Ottawa. Wet tissue samples (2 g) from each 

treatment were homogenized with diatomaceous earth (Agilent Technologies, Santa Clara, CA, USA) and 

spiked with deuterated recovery agents (Cambridge Isotope Laboratories, Tewksbury, MA, USA). All 

samples were collected in composite as a sample of 2 g of tissue required ~200 tadpoles. All sample 

extraction was conducted using EPA method 3540C [38] modified for accelerated solvent extraction 

(ASE). Samples were cleaned following US EPA 3640A [39] and modified for EnvirogelTM columns 

(Waters Corporation, Milford, MA, USA). Fractionation of PACs was conducted using a 3 g silica gel 

column following a method adapted from Yang et al. 2011 [40]. PAC fractions were analysed by gas 

chromatography (Agilent 6890)-mass spectrometry (Agilent 5973) (GC-MS). Mean PAC recovery rates 

ranged from 25.9 – 106.9 % and were used for recovery corrections after method blank corrections. Lipid 

content of the tadpoles was determined following Smedes’ (1999) method [41].   

2.2.5. Molecular Analyses  

Genetic analyses were conducted in the Toxicology, Evolution, and Molecular Endocrinology 

laboratory at the University of Ottawa.  On day 25, 12 tadpoles per treatment (4 tadpoles per replicate) 

were lethally sampled through MS-222 (3-aminobenzoic acidethyl ester methanesulfonate) overdose and 

samples were immediately snap frozen on dry ice and stored at -80 °C. The pooled samples from each 

replicate (n=4) were homogenized into a single sample for DNA digestion and RNA stabilization 

following a modified TrizolTM and MiniKitTM standard operating protocol. Extracted RNA was stabilized 

and used to create cDNA replicates from each treatment. The cDNA was used directly within RT-qPCR 

on a CFX384 Real-Time PCR System. Primers targeted five genes known to be important in the 

hypothalamus-pituitary-thyroid endocrine signaling systems, thyroid hormone receptor alpha (TRA), 

thyroid hormone receptor beta (TRB), retinoic acid receptor alpha (RXRA), type II iodothyronine 
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deiodinase (DIO2) and ribosomal protein L8 (RPL8). TRA, TRB, DIO2 and RXRA primers were created 

based on methods in Navarro-Martin et al. (2012), while primers for RPL8 were created from methods 

within Higley et al. (2013) [42,43]. All primer materials were purchased from Sigma-Aldrich and 

sequences are available (Appendix A). Expression data were collected and interpreted using the NORMA 

gene algorithm [44]. 

2.2.6. Determination of Toxicological Endpoints 

 Survival was determined by counting tadpoles during weekly check-ins throughout the 

experiment. Growth was assessed in subexperiment A using two metrics: body length and body mass. The 

body lengths of 10 tadpoles randomly selected from each replicate mesocosm were recorded on days 25, 

42, 55, 62, 70 (all 20 tadpoles photographed on this date) and on day 77 using photographs and ImageJ 

[45,46]. Body mass measurements of all 20 tadpoles per mesocosm were collected on day 70 only using a 

Fisher Scientific AMF402 AM (+/- 0.001 g). Growth rates were calculated according to the formula: Δ 

Growth = [Body Length (mm)] / [Time (d)]. The resulting relationship between body length and time was 

then modelled with a linear regression and analyzed for differences in intercept and slope [29]. Gosner 

stages of tadpoles were recorded on days 62, 70, and 77 by examining individual tadpoles on petri dishes 

under a microscope and were used to asses developmental progression.  

 We assessed the incidence of malformations in tadpoles at the end of the exposure period. A total 

of 30 tadpoles from each treatment were euthanized in MS-222 and immediately preserved in 15% 

formalin. Tadpoles were assessed under a dissection microscope for tail, gut, cranial and body shape 

malformations. Malformation analysis was conducted blind to eliminate observer bias. 

2.2.7. Behaviour Observations and Tests 

Immediate effects of contaminated snowmelt on hatchling behaviour were assessed by examining 

space use, a common behavioural marker in amphibian toxicological studies [47]. Specifically, using 

photographs taken on days 23 and 24 of the exposure the percentage of hatchlings resting within 2.5 cm of 

the walls of the microcosms (i.e. exhibiting unimpaired predator avoidance behaviour) were recorded.  
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Latent effects of contaminated snowmelt exposure on behaviour were assessed by quantifying 

feeding rate, swimming performance, and exploratory tendency of larval tadpoles in subexperiment B. To 

determine feeding rate, a 6-minute video of tadpoles in each mesocosm was filmed every week throughout 

subexperiment B. For each video, the first 2 minutes and last 30 seconds were omitted, and the percentage 

of feeding tadpoles in the remaining 3.5 minutes were recorded at four 3-second long intervals. Swimming 

behaviour and exploratory tendency were observed in two separate behaviour tests on a subset of tadpoles. 

For both the swimming behaviour and exploratory tendency tests, 3 tadpoles were randomly chosen from 

each mesocosm, for a total of 72 individuals per test. In the swimming behaviour test conducted on 

experimental day 68, each tadpole was filmed in a circular, 13-cm diameter PVC container for 8 minutes 

undisturbed; activity rate (% time active), average swimming speed (cm/s), distance travelled (cm) and 

average distance to container’s edge (cm) were calculated using tracking software Kinovea 0.8.25. In the 

exploration test conducted on day 48, each tadpole was filmed for 7 minutes in a maze consisting of five 

sections following the design of Jacquin et al. [48]. We recorded the maximum number of sections 

explored and time spent in each section (m:s).  All photos and videos were taken with a Nikon D3400 

camera set at a 1280 x 720 resolution, with videos recorded at a rate of 30 frames per second.  

2.2.8. Statistical Analysis  

All statistical analyses were performed using R Studio in Version 1.1.423 – © 2009-2018 RStudio, 

Inc., while figures were generated with Minitab 17 Statistical Software © (2010). Prior to performing all 

statistical tests, data were first checked for homoscedasticity and normality using a Shapiro-Wilks test and 

residual plots (α=0.05). Negative and osmotic controls were compared using t-tests to test the null 

hypothesis that there were no differences between these two control groups. Data that did not meet 

assumptions of normality were analyzed using a non-parametric Kruskal-Wallis test, followed by a 

pairwise Wilcox test using the control (N) as a reference control to test treatment differences. All data that 

met the assumptions of normality and heteroscedasticity were analyzed using a one-way ANOVA. All 

one-way ANOVAs that showed significance at alpha=0.05 were then further analyzed by a Dunnetts post-
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hoc test, using the control (N) as the reference control. All pairwise comparisons were corrected using a 

Bonferroni correction factor. To identify potential differences in malformation frequency among different 

treatment groups, chi-square tests were used comparing treatments to the control (N). A segmented 

regression model was fit to log transformed PAC concentrations in tissue as a function of log transformed 

PAC concentrations in treatment waters, for alkylated, EPA priority 16 and parent PACs. Due to a lack of 

data for PAC concentrations in control water, only the snowmelt treatments could be modeled. 

Breakpoints were set at a known value to separate near-field from far-field tadpoles in the regression. 

Slopes of the segmented regressions were analyzed independently for significant differences in near-field 

and far-field treatments.  t-tests were used to compare the concentrations of contaminants in both 

snowmelt and tadpole tissue between near-field and far-field treatments as discrete groups.  

2.3. Results 

2.3.1. PACs and Hg in Snowmelt 

Concentrations of PACs and Hg of snow collected in the near-field zone were higher than from 

those collected in the far-field zone (Table 2-1). Concentrations of total PACs in near-field snow were 3 

orders of magnitude greater than far-field snow (t=-4.73, df=2, p=0.042) and significantly decreased with 

distance from site KAR6 (R2=96%, F=32.81, p=0.009). Alkylated PACs dominated the composition of 

total PACs in snow by 90% or more in all near-field samples. Alkylated, parent, and EPA priority 16 

PACs were detected in high concentrations in all three near-field sites but were highest in snow from the 

0-km site (Table 2-1). Dibenzothiophenes were detected in near-field snow from all sites but were highest 

in samples from the 0-km site. Average concentrations of THg in experimental water from near-field 

treatments were significantly greater than far-field treatments (t = -3.49, df=2, p = 0.02). Concentrations of 

THg in far-field treatment waters were similar to or lower than that of the control treatment waters 

(Appendix B).  
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Table 2-1. Comparison of microcosm treatment water total mercury (THg), alkalinity, total organic carbon 

(TOC), mean pH, total phosphorous (TP) and total nitrogen (TN). Polycyclic aromatic compound (PAC) 

concentrations where only measured in raw snowmelt. Total PAC, parent PAC, alkylated PAC and EPA 

priority 16 PAC concentrations are displayed as 50% of total snowmelt concentrations. Control treatment 

water was not analyzed for PAC concentrations.  

Treatment Zone 
ƩPAC 

(µg/L)1 

Alkylated 

PAC 

(µg/L)1 

Parent 

PACs 

(µg/L)1 

P. 16 

PACs 

(µg/L)1 

 

THg 

(ng/L)2 

Alkalinity 

(mg/L)2 

TOC 

(mg/L)2 pHA,2 
TP2 

(mg/L) 

TN2 

(mg/L) 

0-km Near 445.76 421.17 24.48 19.34 15.7 252.0 54.00 9.63 0.25 0.89 

6-km Near 36.27 34.93 1.21 0.88 9.38 196.50 23.50 9.70 0.13 0.66 

43-km Near 6.20 5.89 0.27 0.22 3.00 201.0 9.58 9.69 0.10 0.52 

83-km Far 0.14 0.13 0.01 0.01 1.11 182.00 4.70 9.77 0.02 0.36 

112-km Far 0.11 0.11 0.01 0.01 1.14 182.00 5.00 9.72 0.03 0.38 

144-km Far 0.15 0.14 0.00 0.00 1.43 187.50 5.58 9.68 0.03 0.37 

N-Control n/a n/a n/a n/a n/a 1.36 349.50 4.83 9.58 0.02 0.29 

O-Control n/a n/a n/a n/a n/a 0.89 182.0 7.34 9.72 0.04 0.56 

A The pH values are determined from averages of all treatment waters across the experimental period. 

n/a = Parameter not analyzed.  

1Parameter analyzed only in snowmelt, expressed as 50% of total PAC concentration in snowmelt.   

2Parameter analyzed in microcosm exposure water. 

 

2.3.2. PACs and Hg in Tadpoles 

Concentrations of PACs were on average higher in whole body tissues of tadpoles exposed to 

near-field snow than those exposed to far-field snow (Figure 2-2). However, concentrations of total parent 

PACs (t=-1.35, df=2, p=0.308), EPA Priority 16 PACs (t=-1.35, df=2, p=0.31), total alkylated PACs (t=-

1.81, df=2, p=0.212), and dibenzothiophenes (t=-1.09, df=2, p=0.391) did not significantly differ among 

near-field and far-field tadpoles as a whole. Total PAC concentration of tadpoles exposed to far-field 

snow (22,647.3 ng/g) were similar to those exposed to control water (11,171.88 ng/g). All tadpoles 

exposed to near-field snow had PAC tissue concentrations dominated by 52-76% alkylated compounds, 
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whereas far field tadpoles had tissues concentrations ranging from 39 – 41% alkylated PACs. 

Dibenzothiophene concentrations of tadpoles exposed to snow from the 0-km site were 162 times greater 

than those in tadpoles exposed to control water (Figure 2-2D).  

In contrast, tadpoles exposed to near-field snow (0.017 +/- 0.002 µg/g) had average THg tissue 

concentrations lower than those exposed to far-field snow (0.022 +/- 0.001 µg/g), although this difference 

was not significant (Figure 2-2E; t=3.87, df=2, p=0.061). Concentrations of THg were highest in tadpoles 

exposed to control water (0.025 µg/g dry weight).   

PAC concentrations in tadpoles were significantly related to PAC concentrations in snow, but 

only within the near-field zone; alkylated PACs (m=1.25, se=0.045, t=27.50, p=0.0001), priority 16 PACs 

(m=1.04, se=0.029, t=30.1, p=0.00008), and total parent PACs (m=1.075, se=0.043, t=24.74, p=0.0001) 

all increased in concentration with proximity to site KAR6 (Figure 2-3).  Concentrations of alkylated, 

priority 16 and parent PACs in tadpoles exposed to snowmelt from the 43-km site and beyond were equal 

to or lower than the PAC tissue concentration of control treatment tadpoles. The slope of all far-field 

regression models was not significant.  
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Figure 2-2. Concentrations of polycyclic aromatic compounds (PACs) in Lithobates sylvaticus tadpoles raised 

in snowmelt collected at varying distances from major oil sands developments. All values except THg are log 

transformed for graphical representation. (A) Total parent PAC; (B) total alkylated PAC, (C) total EPA 

Priority 16 PAC concentrations (ng/g), (D) total dibenzothiophene (ng/g), (E) total mercury; displayed by 

treatment. Mean control values are represented by the black dashed line. 
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Figure 2-3. Results of a segmented regression preformed on log10 transformed tissue PAC concentrations as a 

function of log10 transformed PAC concentration in exposure water. A) Regression of total priority 16 PACs 

in snowmelt and tadpole tissue (Far-Field: m=-0.057, se=0.029, t=-1.93, p=0.14; Near-Field: m=1.04, se=0.029, 

t=30.1, p=0.00008). B) Regression of total parent PACs in snowmelt and tadpole tissue (Far-Field: m=-0.088, 

se=0.037, t=-2.38, p=0.098; Near-Field: m=1.075, se=0.043, t=24.74, p=0.0001). C) Regression of alkylated 

PACs in snowmelt and tadpole tissue (Far-Field: m=0.08, se=0.03, t=2.25, p=0.11; Near-Field: m=1.25, 

se=0.045, t=27.50, p=0.0001). Where m is the slope of the regression and SE is the standard error.  
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2.3.3. Genetic Expression of Metamorphosis Related Genes 

Expression levels of TRB in tadpoles exposed to 0-km snow were significantly upregulated (4-fold) 

compared to tadpoles exposed to far-field snow or control water (ANOVA, n=3 F=16.04, p=0.03). 

Furthermore, average expression levels of TRB in tadpoles exposed to near-field snow decreased with 

distance from KAR6 (Figure 3-4A). Expression levels of all other genes examined (L8, DIO2, RXRA and 

TRA) were not significantly different among treatments.  

2.3.4. Toxicological Endpoints 

Exposure to snow did not affect egg hatch success, hatchling survival, or larval survival. Eggs 

from all treatments hatched between days 11 and 13, with high hatch success (92% to 100%) that was not 

related to treatment (X2 = 4.68, df = 7, p = 0.70). Survival of hatchlings was also high (91% to 100%) 

during exposure to snowmelt and not related to treatment (X2 = 3.87 df = 7, p = 0.79).  Likewise, exposure 

to snowmelt did not affect tadpole survival during subexperiment A or B. Survival in subexperiment A 

decreased slightly (70-100%) as tadpoles developed towards metamorphosis but was not related to 

treatment (X2=1.75, df=7, p=0.18). Survival in subexperiment B showed no mortality during the 

depuration period.  

Tadpoles exposed to near-field snow had higher rates of malformation compared to those exposed 

to far-field snow or control water (Figure 3-4B). At the end of exposure, 30-37% of tadpoles exposed to 

near-field snow were malformed, whereas only 13% of tadpoles exposed to control water were malformed 

(0-km vs. control (N): n = 30, X2 = 4.35, p = 0.04; 43-km vs. control (N): Chi, n = 30, X2 = 2.4, p = 0.04). 

Malformation rates of near-field tadpoles did not significantly differ from far-field tadpoles (t=-2.24, df=3, 

p=0.11). No other pairwise comparisons of malformation rates were significantly different. The main 

malformation observed was mis-coiling of the gut within the developing abdomen of tadpoles, where gut 

coils may appear pinched or loosely coiled in comparison with non-malformed individuals.   
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Figure 2-4. A) The mean expression level of Thyroid Hormone Beta (TRB) in wood frog tadpoles on day-25 of 

the exposure period (n= 12 per treatment). Error bars of each treatment represent SD.  Control values are 

represented by the black dotted line, while the standard error of the control is represented by the red dotted 

lines.  B)  The malformation frequency observed in tadpoles exposed to Athabasca region snowmelt (n=30 per 

treatment), replicates are pooled into individual treatments. C) The body lengths of wood frog (Lithobates 

sylvaticus) tadpoles on day 25 post-hatching, following egg development in snowmelt from the Athabasca 

region (n = 30 per treatment). Where the black line represents the control average body length, and the red 

lines denote control standard error. 
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Exposure to snow melt reduced the growth and development of tadpoles at the end of exposure. 

Tadpoles exposed to near-field snow were significantly smaller (6.2% on average) than those exposed to 

far-field snow or control water (Figure 3-4C: X2= 34.05, df = 2, p-value = <0.001).  Tadpoles exposed to 

snow from 0-km and 6-km sites were significantly smaller compared to those exposed to control water 

(X2= 54.94, df = 7, p = <0.001). Additionally, hatchlings exposed to snow from 0-km and 6-km sites were 

significantly less developed at the end of exposure in comparison to those exposed to control water (X2= 

32.46, df = 7, p = <0.001; Appendix E).  

Tadpoles exposed to near-field snow displayed significantly reduced growth throughout the 

depuration period (X2 =25.64, df = 6, p = <0.001). Tadpoles from the 0-km, 6-km and 43-km treatments all 

had significantly shorter mean body lengths than control tadpoles on experimental day 60 (F=6.76, df=7, p 

=<0.001). In addition, tadpoles exposed to snowmelt from the 43-km site also experienced delayed 

development on day 60 (X2 = 20.25, df = 7, p = <0.001) (Appendix E). The tadpoles from the 0-km 

treatment displayed the greatest extent and severity of growth impacts during the depuration period, 

displaying significantly shorter mean body lengths on days 42 (F=4.16, df=7, p=<0.001) 55 (F=7.86, df=7, 

p=<0.001), and 60 (F=6.76, df= 7, p=<0.001).  The tadpoles exposed to 43-km snowmelt showed body 

length difference up until and on experimental day 70 (F=13.87, df=7, p=<0.001). However, on 

experimental day 77 average body lengths were not significantly different among all near-field treatments 

and control tadpoles, while the 112-km treatment tadpoles had significantly larger body lengths than 

control tadpoles (F=2.84, df=7, p=0.07). On day 77 average GS was significantly delayed among all near-

field treatments (0-km, 6-km and 43-km) compared to the control tadpoles (X2= 29.39, df = 7, p= <0.001). 

A regression analysis of tadpole growth rates from the depuration period determined that the three 

near-field treatments (y = 7.38x - 76.78) as a discrete group had a significantly slower growth rate than the 

control group (y = 7.7195x -78.44; p = 0.003, VIF = 20.18). In addition, the growth rate of the treatment 
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exposed to snowmelt from the site at 43-km (y = 7.06x - 64.94) was determined to significantly differ (p = 

<0.001, VIF = 21.12) from that of the control group (y= 7.585x-72.91). See Appendix D for full growth 

rate equations.  

Space use was significantly different on day 24 between the tadpoles exposed to snowmelt from 

the 0-km site and control tadpoles (F= 5.17, df=7, p = <0.001). Multiple comparisons showed that 

tadpoles raised in snowmelt from the treatment exposed to 0-km snowmelt had significantly lower 

periphery use (56% on average) relative to the control tadpoles (75% on average). However, all other 

treatments did not differ significantly from the control. Furthermore, juvenile exposure to snowmelt had 

no significant effect on the feeding rate (F-value=0.12, df=5, p=0.94), swimming distance (F=0.41, df=5, 

p=0.34), distance to periphery (F=1.39, df=5, p=0.28), swimming speed (F=0.94, df=5, p=0.48), activity 

rate (F=0.94, df=5, p=0.48) or exploratory tendencies (F=0.61, df=5, p=0.70 and F=1.32, df=5, p=0.31) of 

tadpoles during the depuration period. 

2.4. Discussion 

2.4.1. Overview 

It was hypothesized that wood frogs exposed to snowmelt from the near-field zone would accumulate 

higher concentrations of PACs and Hg in their tissues than those exposed to snowmelt from the far-field 

zone. For the first time, we demonstrate that PACs from AOSR snowmelt can accumulate within juvenile 

amphibians. In contrast Hg showed no accumulation trend in tadpole tissues. We hypothesized that wood 

frogs exposed to snowmelt from the near-field zone would have altered expression levels of genes 

associated with metamorphosis than those exposed to snowmelt from the far-field zone. Exposure to 

snowmelt from the 0-km site affected the genetic expression of the TRB gene in tadpoles, an important 

gene in the normal development and metamorphic pathways of amphibians [49].  Finally, we 

hypothesized that wood frogs exposed to snowmelt from the near-field zone would experience a higher 

mortality rate, lower hatch success, impaired growth and development, and altered behaviour, compared to 

those exposed to snowmelt from the far-field zone. Tadpoles exposed to near-field snowmelt experienced 
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depressed growth, an increase in frequency of malformations, depressed development and altered 

behaviour. However, our experiment did not support the hypothesis that the exposure of wood frog 

embryos to near-field snowmelt results in reduced tadpole survivorship, hatch success or any enduring 

behavioural changes.  

2.4.2. Snowpack Contamination 

The area of highest historic contaminant deposition within the near-field zone is located within a 

0-7 km radius of site KAR6 and snowmelt from the 0-km and 6-km treatments had the highest 

concentration of both PACs and Hg [4]. In addition, particulate and dissolved carbon was highest in 

concentration in snowmelt from the 0-km and 6-km sites. Similarly to previous snowpack investigation in 

the AOSR, petrogenic contaminants such as dibenzothiophenes and alkylated PACs decreased in 

concentration with distance from site KAR6 [4]. Alkylated PACs consisted of over 90% of the total PAC 

composition in snowmelt from all three near-field sites. Alkylated PACs have been found in abundance in 

the near-field zone in previous snowpack studies [4]. Naphthalene, anthracene, and phenanthrene all 

exceeded the CCME guidelines for freshwater in snowmelt from the 0-km site. In addition, 

benzo(a)anthracene, fluoranthene, anthracene, pyrene and benzo(a)pyrene all exceeded CCME freshwater 

guidelines in snowmelt from the site at 6-km (Appendix B).  

One of the major point sources of fugitive dust and particulate hydrocarbons in the near-field 

region is thought to be petroleum coke stockpiles [8,50]. Petroleum coke is a dense coal-like substance, 

rich in petrogenic alkyl-PACs and is a common by-product of oil and gas extraction in the Athabasca 

region [17]. Petroleum coke stockpiles are not regulated to be stored in closed containers or buildings and 

thus are subject to wind dispersion and the elements. Several recent investigations have chemically linked 

particulate matter found in snow and peat bogs to regional petroleum coke stockpiles [50].  

The concentrations of  THg measured within near-field treatment waters were significantly higher 

than those in far-field treatment waters, showing a decrease at the 50 km threshold as in previous studies 

of the AOSR [7]. However, the concentrations of THg within treatment waters are below regulatory 
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CCME guidelines (26 ng/L) and thus it is unlikely that Hg contributed to any developmental or 

behavioural effects observed in tadpoles.  

2.4.3. H1: Tadpole Contaminant Accumulation 

The PAC concentration in snowmelt samples is correlated to bioaccumulation, where tadpoles 

exposed to snowmelt sampled from closer to KAR6 had higher internal PAC concentrations. Notably, 

high levels of alkylated PACs and dibenzothiophenes were detected in tadpole tissue from all three near-

field treatments, with an alkylated PAC composition of 50% or greater total PAC. Dibenzothiophenes are 

sulphur-containing aromatic hydrocarbons that are commonly associated with petrogenic activities and 

have been shown to be valuable tracers of oil sands industrial activity [12,51].  Alkylated PACs are 

characteristically of petrogenic origin and are highly toxic, potent carcinogens. As well, alkylated PACS 

are extremely persistent in the environment showing high mobility and residence time in aquatic systems 

[52]. Wood frogs and semi-permeable membrane devices deployed and caged in Athabasca wetlands 

within a 25 km radius of KAR6 have been measured and found to contain internal PAC concentrations 

that were also dominated by alkylated hydrocarbons and showed similar patterns of dibenzothiophene 

accumulation [53]. 

 The THg concentrations observed within tadpole tissue showed an inverse trend in relation to the 

THg water chemistry, where tadpoles from the near-field treatments had lower THg concentrations than 

control tadpoles. This result may be explained by the proportion of organic mercury to inorganic mercury 

in the pond water source (Skycroft Pond). Control tadpoles displayed the highest internal THg 

concentration, indicating that mercury measured within the near-field snowmelt was largely in an 

inorganic state and not bioavailable.  

We postulate that the bioaccumulation of contaminants during the exposure period occurred primarily 

via respiratory and dermal pathways, as tadpoles were newly hatched and still dependent on their yolk sac 

(days 0-25). Tadpoles rely heavily on external gills during GS 19 – 23, thus exposing them to aquatic 

contaminants dissolved into the water column. In addition, highly permeable skin, lower metabolic 
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activity, and increased contact with sediments and the water column in embryonic and juvenile tadpoles 

could result in increased bioaccumulation compared to more developed tadpoles or metamorphosed wood 

frogs [17]. 

2.4.4. H2: Genetic Expression of Metamorphosis Related Genes 

Thyroid hormones are part of complex and sensitive endocrine pathways that regulate many life 

functions in amphibians, such as development and metamorphosis [26].  The expression levels of TRB in 

the treatment exposed to 0-km snowmelt were significantly greater than that of the other treatments and 

the controls. In addition, the treatment exposed to 6-km snowmelt showed some elevated expression of 

TRB, although this effect was not statistically significant.  Amphibians and birds exposed to both oil 

sands-contaminated wetlands, atmospheric pollutants and crude oil have been observed to display 

disrupted thyroid hormone expression and signaling, leading to delays in development and other 

physiological complications [27,54,55]. Thyroid hormones are vital in regulating the process of 

metamorphosis in amphibians, and contaminants such as PACs that alter the expression of thyroid 

associated genes may have dramatic effects on growth, development and behaviour [26].  

2.4.5. H3: Toxicological Endpoints 

2.4.5.A. Immediate Effects of Exposure 

We examined a set of toxicological endpoints during the exposure period and found no significant 

lethal effects on wood frog embryos and hatchlings. Amphibians display a wide range of affinities for 

PAC binding to the aryl-hydrocarbon receptor, and thus mechanisms and severity of the biological 

impacts of oil sands contaminants is expected to vary dramatically among amphibian species [17]. 

Furthermore, the jelly-like coating on eggs or the extracellular matrix (ECM), turned black during the 

exposure and potentially sequestered the contaminants and shielded the developing larvae. Our result is 

supported by a study on Rana temporaria eggs which demonstrated that the ECM acted as an insulator 

against mixtures of PACs, and resulted in reduced mortality in comparison with egg masses that did not 

contain the ECM [56].  
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Tadpoles from the both 0-km and 6-km snowmelt treatments both displayed reduced growth and 

delayed development at the end of the exposure. We hypothesize that the altered hormonal expression, 

like that observed in the treatment exposed to 0-km snowmelt, may be contributing to the delayed 

development and reduced growth. Several of the PACs found within the snowmelt such as naphthalene 

and its alkyl-derivatives are known endocrine-disrupting compounds that can result in the inhibition of 

normal growth and development [57]. In addition, it is suspected that the biotransformation of 

contaminants diverted energy away from growth and development, contributing to reduced body sizes and 

delayed development. This finding is important as larval body size of tadpoles at metamorphosis is a 

significant predictor for individual and population level fitness of adult amphibians [58].  

The 0-km and 43-km treatments tadpoles had an elevated malformation rate displaying instances of 

disrupted gut formation and tail bending. Tadpoles from the 0-km and the 43-km treatments displayed 

internal tissue concentrations of PACs that were dominated in composition by alkylated compounds. The 

disruption of thyroid gene expression observed in the 0-km treatment may be responsible for the 

malformations observed within those tadpoles. The abundance of alkylated compounds within both the 0-

km tadpole tissue and the 43-km tadpole tissue, further suggests some form of endocrine disruption [57]. 

Tadpoles exposed to the 43-km snowmelt had a higher tissue concentration of alkylated PACs than far-

field treatments (Appendix C), potentially driving the toxicity observed in this treatment. Additionally, 

the site at 43-km is also located on a region of the oil sands that is currently under construction for future 

development and this activity may provide a local source of contaminants, independent of site KAR6 

(Figure 2-1).  

Finally, our study also demonstrated that tadpoles from the three near-field treatments showed greater 

exploratory behaviour than the control tadpoles. Tadpoles with greater exploratory behaviour may expose 

themselves to greater predation risk in natural ecosystems.  
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2.4.5.B. Depuration Period and Latent Effects 

Previous studies have examined the effects of continuous exposure to PACs in various aquatic species 

[24,25]. However, our study also explicitly tested the potential for recovery of tadpoles after contaminated 

snowmelt water was removed. Snowmelt pulse periods are brief due to the volatilization of compounds, 

degradation of contaminants and influx of spring rain that flushes contaminants from wetlands and 

watersheds.  

Several significant differences were detected in average body length and growth rates between 

treatments from the near-field zone and the control groups during the depuration period. However, as the 

depuration period neared experimental day 80, tadpoles from all sites exposed to snowmelt sourced from 

within the near-field zone possessed average body lengths greater than or equal to the control tadpoles. 

Our study indicates that early life exposure to snowmelt in the near-field zone has a prolonged effect on 

growth, as tadpoles exposed to near-field snowmelt took nearly 30 days to recover to mean body lengths 

comparable to the control.  

Furthermore, during the depuration period the developmental progression of tadpoles also displayed a 

lagging trend among near-field treatments. Throughout the depuration period, tadpoles from treatments 

exposed to near-field snowmelt displayed significantly delayed development compared to the control. 

Unlike growth, this trend of developmental delays persisted until the end of the experiment, indicating 

potentially longer-lasting effects. Developmental periods for tadpoles vary by region but are highly 

dictated by water temperatures and stocking density [58]. Regions like Northern Alberta that have brief 

summer seasons and harsh winters pressure tadpoles to metamorphose in a shorter window of time. Slow 

development may not be directly lethal, but tadpoles that experience delayed development may not be able 

to metamorphose and acquire enough energy stores to survive their first winter. Thus, delayed 

development could indirectly reduce survival rates of amphibians in real world ecosystems. 

Our behavioural findings are consistent with a previous toxicity study on PAC contaminated water, 

which detected rapid onset of behavioural alterations in amphibians due to contaminant-related toxicity, 
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with rapid post-exposure alleviation of these effects [30]. As amphibians grow toward metamorphic 

climax, detoxification systems reach a maximum efficiency during their life history [59]. This increase in 

contaminant metabolism may also decrease the extent of thyroid signalling interference and genetic 

disruption, which can be linked to the increased similarity of body lengths across all treatments and lack 

of latent behavioural impacts.   

2.4.6. Conclusion  

Our findings differ from the one previous study examining the impact of near-field oil-sands 

snowmelt on fathead minnows (Pimephales promelas), which showed more severe malformations and 

lethality to similar concentrations of AOSR snowmelt [24]. In addition, our experiment differed from the 

previous snowmelt investigation in that it was the first field-based study to examine the impacts of AOSR 

snowmelt on amphibians. Similar studies conducted on wood frogs in reclaimed wetlands (old >7 years 

versus new <7 years) across the AOSR have documented similar alterations in thyroid signaling, delays in 

development and increases in mortality [25,27]. Snowpack contamination decreased with distance from 

site KAR6 and so did the severity and extent of the biological impacts exhibited by treatment, where 

tadpoles exposed to snowmelt from the far-field zone showed no significant biological response. Our 

results suggest that developing amphibians in snowmelt fed wetlands near oil sands operations may be at 

risk of PAC accumulation, genetic disruption, delays in growth and development, malformations and 

behavioural alterations. The increase in malformation frequencies, depression of growth and 

developmental rates and alterations of behaviour are sublethal effects that stand to reduce the likelihood of 

a tadpole reaching metamorphosis in a real-world ecosystem. Decreased metamorphosis rates in the near-

field zone may reduce the adult recruitment of amphibians, potentially leading to larger scale ecological 

and community-level shifts, as amphibians are important species in both aquatic and terrestrial 

environments. Amphibians that experience malformations and altered behaviour may have reduced 

competitiveness for resource acquisition and experience increased rates of predation [60,61]. Amphibians 

exposed to snowmelt from the near-field zone exhibited more severe and prolonged negative biological 
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impacts, indicating that aquatic species in the near-field zone are at a greater potential risk from snowmelt 

contamination than aquatic organisms in the far-field zone. 

2.5. References 

1. Canadian Association of Petroleum Producers. 2017. Crude oil forecast, market and transportation 

2017 report. CAPP. Available from www.capp.ca/publications-and-statistics/publications 

2. Liggio J, Li S-M, Hayden K, Taha YM, Stroud C, Darlington A, Drollette BD, Gordon M, Lee P, 

Liu P, Leithead A, Moussa SG, Wang D, O’Brien J, Mittermeier RL, Brook JR, Lu G, Staebler 

RM, Han Y, Tokarek TW, Osthoff HD, Makar PA, Zhang J, L. Plata D, Gentner DR. 2016. Oil 

sands operations as a large source of secondary organic aerosols. Nature. 534:91–94. 

3. Gosselin P, Hrudey SE, Naeth MA, Plourde A, Therrien R, Van Der Kraak G, Xu Z. 2010. 

Environmental and health impacts of Canada’s oil sands industry. The Royal Society of Canada, 

Ottawa, ON, Canada. Available from www.rsc-src.ca/sites 

4. Harner T, Rauert C, Muir D, Schuster JK, Hsu Y, Zhang L, Marson G, Watson JG, Ahad J, Cho S, 

Jariyasopit N, Kirk J, Korosi J, Landis MS, Martin JW, Zhang Y, Fernie K, Wentworth GR, 

Wnorowski A, Dabek E, Charland J, Pauli B, Wania F, Galarneau E, Cheng I, Makar P, Whaley C, 

Chow JC, Wang X. 2018. Air synthesis review: polycyclic aromatic compounds in the oil sands 

region. Environ. Rev. 26:430–468. 

5. Cho S, Sharma K, Brassard BW, Hazewinkel R. 2014. Polycyclic aromatic hydrocarbon deposition 

in the snowpack of the Athabasca oil sands region of Alberta, Canada. Water. Air. Soil Pollut. 

225:1910–1914. 

6. Guéguen C, Cuss CW, Cho S. 2016. Snowpack deposition of trace elements in the Athabasca oil 

sands region, Canada. Chemosphere. 153:447–454. 

7. Kirk JL, Muir DCG, Gleason A, Wang X, Lawson G, Frank RA, Lehnherr I, Wrona F. 2014. 

Atmospheric deposition of mercury and methylmercury to landscapes and waterbodies of the 

Athabasca oil sands region. Environ. Sci. Technol. 48:7374–7383. 



49 

 

8. Manzano CA, Marvin C, Muir D, Harner T, Martin J, Zhang Y. 2017. Heterocyclic aromatics in 

petroleum coke, snow, lake sediments, and air samples from the Athabasca oil sands region. 

Environ. Sci. Technol. 51:5445–5453. 

9. Zhang L, Cheng I, Muir D, Charland JP. 2015. Scavenging ratios of polycyclic aromatic 

compounds in rain and snow in the Athabasca oil sands region. Atmos. Chem. Phys. 15:1421–1434. 

10. Ketcheson SJ, Price JS. 2016. Snow hydrology of a constructed watershed in the Athabasca oil 

sands region, Alberta, Canada. Hydrol. Process. 30:2546–2561. 

11. Manzano CA, Muir D, Kirk J, Teixeira C, Siu M, Wang X, Charland JP, Schindler D, Kelly E. 

2016. Temporal variation in the deposition of polycyclic aromatic compounds in snow in the 

Athabasca oil sands area of Alberta. Environ. Monit. Assess. 188.542-564 

12. Kurek J, Kirk JL, Muir DCG, Wang X, Evans MS, Smol JP. 2013. Legacy of a half century of 

Athabasca oil sands development recorded by lake ecosystems. Proc. Natl. Acad. Sci. 110:1761–

1766. 

13. Bari MA, Kindzierski WB, Cho S. 2014. A wintertime investigation of atmospheric deposition of 

metals and polycyclic aromatic hydrocarbons in the Athabasca oil sands region, Canada. Sci. Total 

Environ. 485:180–192. 

14. Kelly EN, Short JW, Schindler DW, Hodson P V., Ma M, Kwan AK, Fortin BL. 2009. Oil sands 

development contributes polycyclic aromatic compounds to the Athabasca River and its tributaries. 

Proc. Natl. Acad. Sci. 106:22346–22351. 

15. Cooke CA, Kirk JL, Muir DCG, Wiklund JA, Wang X, Gleason A, Evans MS. 2017. Spatial and 

temporal patterns in trace element deposition to lakes in the Athabasca oil sands region (Alberta, 

Canada). Environ. Res. Lett. 12:1-12 

16. Kelly EN, Short JW, Schindler DW, Hodson PV, Ma M, Kwan AK, Fortin BL. 2009. Oil sands 

development contributes polycyclic aromatic compounds to the Athabasca River and its tributaries. 

Proc. Natl. Acad. Sci. 106:22346–22351. 



50 

 

17. Ball A, Truskewycz A. 2013. Polyaromatic hydrocarbon exposure: An ecological impact 

ambiguity. Environ. Sci. Pollut. Res. 20:4311–4326. 

18. Logan DT. 2007. Perspective on ecotoxicology of PAHs to fish. Hum. Ecol. Risk Assess. 13:302–

316. 

19. Regnault C, Worms IA, Oger-Desfeux C, Melode-Lima C, Veyrenc S, Bayle M-L, Combourieu B, 

Bonin A, Renaud J, Raveton M, Reynaud S. 2014. Impaired liver function in Xenopus tropicalis 

exposed to benzo[a]pyrene: transcriptomic and metabolic evidence. BMC Genomics. 15:666-682. 

20. Rankouhi TR, Koomen B, Sanderson JT, Bosveld ATC, Seinen W, van den Berg M. 2005. 

Induction of ethoxy-resorufin-O-deethylase activity by halogenated aromatic hydrocarbons and 

polycyclic aromatic hydrocarbons in primary hepatocytes of the green frog (Rana esculenta). 

Environ. Toxicol. Chem. 24:1428–1435. 

21. Dial NA. 1976. Methylmercury: Teratogenic and lethal effects in frog embryos. Teratology. 

13:327–333. 

22. Bridges K, Venables B, Roberts A. 2017. Effects of dietary methylmercury on the dopaminergic 

system of adult fathead minnows and their offspring. Environ. Toxicol. Chem. 36:1077–1084. 

23. Drevnick PE, Sandheinrich MB. 2003. Effects of dietary methylmercury on reproductive 

endocrinology of fathead minnows. Environ. Sci. Technol. 37:4390–4396. 

24. Parrott JL, Marentette JR, Hewitt LM, McMaster ME, Gillis PL, Norwood WP, Kirk JL, Peru KM, 

Headley J V., Wang Z, Yang C, Frank RA. 2018. Meltwater from snow contaminated by oil sands 

emissions is toxic to larval fish, but not spring river water. Sci. Total Environ. 625:264–274. 

25. Hersikorn BD, Ciborowski JJC, Smits JEG. 2010. The effects of oil sands wetlands on wood frogs 

(Rana sylvatica). Toxicol. Environ. Chem. 92:1513–1527. 

26. Carr JA, Patiño R. 2011. The hypothalamus-pituitary-thyroid axis in teleosts and amphibians: 

Endocrine disruption and its consequences to natural populations. Gen. Comp. Endocrinol. 

170:299–312. 



51 

 

27. Hersikorn BD, Smits JEG. 2011. Compromised metamorphosis and thyroid hormone changes in 

wood frogs (Lithobates sylvaticus) raised on reclaimed wetlands on the Athabasca oil sands. 

Environ. Pollut. 159:596–601. 

28. Smits JEG, Hersikorn BD, Young RF, Fedorak PM. 2012. Physiological effects and tissue residues 

from exposure of leopard frogs to commercial naphthenic acids. Sci. Total Environ. 437:36–41. 

29. Pollet I, Bendell-Young LI. 2000. Amphibians as indicators of wetland quality in wetlands formed 

from oil sands effluent. Environ. Toxicol. Chem. 19:2589–2597. 

30. Lanctôt C, Bennett W, Wilson S, Fabbro L, Leusch FDL, Melvin SD. 2016. Behaviour, 

development and metal accumulation in striped marsh frog tadpoles (Limnodynastes peronii) 

exposed to coal mine wastewater. Aquat. Toxicol. 173:218–227. 

31. Li C, Fu L, Stafford J, Belosevic M, Gamal El-Din M. 2017. The toxicity of oil sands process-

affected water (OSPW): A critical review. Sci. Total Environ. 601:1785–1802. 

32. Mahaffey A, Dubé M. 2016. Review of the composition and toxicity of oil sands process-affected 

water. Environ. Rev. 25:1–18. 

33. Gentes M-L, Waldner C, Papp Z, Smits JEG. 2007. Effects of Exposure to Naphthenic Acids in 

Tree Swallows (Tachycineta bicolor) on the Athabasca oil sands, Alberta, Canada. J. Toxicol. 

Environ. Heal. Part A. 70:1182–1190. 

34. Groff LA, Calhoun AJK, Loftin CS. 2017. Amphibian terrestrial habitat selection and movement 

patterns vary with annual life-history period. Can. J. Zool. 95:433–442. 

35. Okonkwo GE. 2011. The use of small ephemeral wetlands and streams by amphibians in the 

mixedwood forest. Univeristy of Alberta. Available from 

https://era.library.ualberta.ca/items/d93af0b0-9afa-44f6-814c-780ca1cc3c3a 

36. Gosner KL. 1960. A Simplified Table for Staging Anuran Embryos and Larvae with Notes on 

Identification. Allen Press. Herpetologists. 16:183–190. 

37. Mirnaghi FS, Soucy N, Hollebone BP, Brown CE. 2018. Rapid fingerprinting of spilled petroleum 



52 

 

products using fluorescence spectroscopy coupled with parallel factor and principal component 

analysis. Chemosphere. 208:185–195. 

38. US EPA. 1996. Sohxlet extraction. US EPA Protocol. Available from 

https://www.epa.gov/sites/production/files/2015-12/documents/3540c.pdf. 

39. US EPA. 1994. Method 3640A: Gel-permeation cleanup. US EPA Protocol. Available from 

https://www.epa.gov/sites/production/files/2015-12/documents/3640a.pdf 

40. Products P, Yang C, Wang Z, Yang Z, Hollebone B, Brown CE, Landriault M, Fieldhouse B. 

2011. Chemical fingerprints of Alberta oil sands and related. Environ. Forensics. 12:173–188. 

41. Smedes F. 1999. Determination of total lipid using non-chlorinated solvents. Analyst. 124:1711–

1718. 

42. Higley E, Tompsett AR, Giesy JP, Hecker M, Wiseman S. 2013. Effects of triphenyltin on growth 

and development of the wood frog (Lithobates sylvaticus). Aquat. Toxicol. 144:155–161. 

43. Navarro-Martín L, Lanctôt C, Edge C, Houlahan J, Trudeau VL. 2012. Expression profiles of 

metamorphosis-related genes during natural transformations in tadpoles of wild Wood Frogs 

(Lithobates sylvaticus ). Can. J. Zool. 90:1059–1071. 

44. Heckmann LH, Sørensen PB, Krogh PH, Sørensen JG. 2011. NORMA-Gene: a simple and robust 

method for qPCR normalization based on target gene data. BMC Bioinformatics. 12:1471–2105. 

45. Davis AK, Connell LL, Grosse A, Maerz JC. 2008. A fast, non-invasive method of measuring 

growth in tadpoles using image analysis. Herpetol. Rev. 39:56–58. 

46. Abramoff MD, Magalhães PJ, Ram SJ. 2004. Image Processing with ImageJ. Biophotonics Int. 

11:36–42. 

47. Denoël M, D’Hooghe B, Ficetola GF, Brasseur C, De Pauw E, Thomé JP, Kestemont P. 2012. 

Using sets of behavioral biomarkers to assess short-term effects of pesticide: A study case with 

endosulfan on frog tadpoles. Ecotoxicology. 21:1240–1250. 

48. Jacquin L, Dybwad C, Rolshausen G, Hendry AP, Reader SM. 2017. Evolutionary and immediate 



53 

 

effects of crude-oil pollution: depression of exploratory behaviour across populations of 

Trinidadian guppies. Anim. Cogn. 20:97–108. 

49. Navarro-Martín L, Lanctôt C, Edge C, Houlahan J, Trudeau VL. 2012. Expression profiles of 

metamorphosis-related genes during natural transformations in tadpoles of wild Wood Frogs 

(Lithobates sylvaticus). Can. J. Zool. 90:1059–1071. 

50. Zhang Y, Shotyk W, Zaccone C, Noernberg T, Pelletier R, Bicalho B, Froese DG, Davies L, 

Martin JW. 2016. Airborne petcoke dust is a major source of polycyclic aromatic hydrocarbons in 

the Athabasca oil sands region. Environ. Sci. Technol. 50:1711–1720. 

51. Summers JC, Kurek J, Rühland KM, Neville EE, Smol JP. 2017. Assessment of multi-trophic 

changes in a shallow boreal lake simultaneously exposed to climate change and aerial deposition of 

contaminants from the Athabasca oil sands region, Canada. Sci. Total Environ. 592:573–583. 

52. Wang Z, Yang C, Parrott JL, Frank RA, Yang Z, Brown CE, Hollebone BP, Landriault M, 

Fieldhouse B, Liu Y, Zhang G, Hewitt LM. 2014. Forensic source differentiation of petrogenic, 

pyrogenic, and biogenic hydrocarbons in Canadian oil sands environmental samples. J. Hazard. 

Mater. 271:166–177. 

53. Mundy LJ, Bilodeau J, Schock DM, Thomas P, Blais JM PBS. 2018. Utilizing wood frog 

(Lithobates sylvaticus) tadpoles and semipermeable membrane devices to monitor polycyclic 

aromatic compounds in boreal wetlands in the oil sands region of northern Alberta, Canada. 

Chemosph. 214:148-157 

54. Truter JC, van Wyk JH, Oberholster PJ, Botha AM, Mokwena LM. 2017. An evaluation of the 

endocrine disruptive potential of crude oil water accommodated fractions and crude oil 

contaminated surface water to freshwater organisms using in vitro and in vivo approaches. 

Environ. Toxicol. Chem. 36:1330–1342. 

55. Gentes ML, McNabb A, Waldner C, Smits JEG. 2007. Increased thyroid hormone levels in tree 

swallows (Tachycineta bicolor) on reclaimed wetlands of the Athabasca oil sands. Arch. Environ. 



54 

 

Contam. Toxicol. 53:287–292. 

56. Marquis O, Millery A, Guittonneau S, Miaud C. 2006. Toxicity of PAHs and jelly protection of 

eggs in the Common frog Rana temporaria. Amphib. Reptil. 27:472–475. 

57. Lee S, Hong S, Liu X, Kim C, Jung D, Yim UH, Shim WJ, Khim JS, Giesy JP, Choi K. 2017. 

Endocrine disrupting potential of PAHs and their alkylated analogues associated with oil spills. 

Environ. Sci. Process. Impacts. 19:1117–1125. 

58. Cabrera-Guzmán E, Crossland MR, Brown GP, Shine R. 2013. Larger body size at metamorphosis 

enhances survival, growth and performance of young cane toads (Rhinella marina). PLoS One. 

8(7): e70121.   

59. Leney JL, Drouillard KG, Haffner GD. 2006. Metamorphosis increases biotransformation of 

polychlorinated biphenyls: a comparative study of polychlorinated biphenyl metabolism in green 

frogs (Rana Clamitans) and leopard frogs (Rana Pipiens) at various life stages. Environ. Toxicol. 

Chem. 25:2971. 

60. Blaustein AR, Johnson PTJ. 2007. The complexity of deformed amphibians. Front. Ecol. Environ. 

1:87-101. 

61. Skelly DK. 1994. Activity level and susceptiblity. Anim. Behav. 47:465–468. 

62. Manzano CA, Muir D, Kirk J, Teixeira C, Siu M, Wang X, Charland JP, Schindler D, Kelly E. 

2016. Temporal variation in the deposition of polycyclic aromatic compounds in snow in the 

Athabasca Oil Sands area of Alberta. Environ. Monit. Assess. 188. 26: 430-468. 

63. RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL 

www.rstudio.com. 

64. Minitab 17 Statistical Software (2010). [Computer software]. State College, PA: Minitab, Inc. 

www.minitab.com. 

 

 



55 

 

Chapter 3. 

A Toxicological Assessment of Diluted Bitumen on Amphibian Development  

 

Abstract 

Bitumen, a crude oil produced from oil sands in Alberta, is the largest petroleum export of 

Canada. Future increases in pipeline transportation raise the probability of freshwater diluted bitumen 

spills. Wood frogs have a widespread distribution across North America which closely matches the extent 

of oil-pipeline networks. Some of the compounds in petroleum are documented carcinogens and can exert 

toxic effects on developing aquatic life. We sought to examine the effects that a diluted bitumen spill 

would have on the growth and development of wood frog tadpoles. Tadpole growth and development is a 

critical and sensitive process that is susceptible to influence from aquatic contaminants. Very few studies 

have been completed to assess the toxicity of bitumen to amphibians. Tadpoles were exposed to lake water 

with a gradient of diluted bitumen concentrations. The growth and development of tadpoles was 

monitored and compared against a control group throughout the exposure period. At the end of the 

exposure tadpoles were compared against the control for tissue concentrations of thyroid hormones, 

activity of CYP1A enzymes and expression of cyp1a. Tadpoles showed no differences in growth and 

development through the exposure. In addition, we detected no significant differences in survival, T3 

hormones and cytochrome P450 activity or expression at the end of exposure. Our results indicate that 

wood frog tadpole growth and development may not immediately be impacted by dissolved compounds 

from a diluted bitumen spill, provided the spill does not physically contact the organisms and is rapidly 

cleaned and remedied.  
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Graphical Abstract  

 

Graphical Abstract: (Above) Overall design of the study system in lake 260, with a side profile of a 

limnocorral and sampling port for water intake. (Below) A Toxicological Assessment of Diluted Bitumen on 

Amphibian Development (TADAD) subtheme of Boreal Lake Oil Release Experiment by Additions to 

Limnocorrals (BOREAL) investigating the biological impacts of diluted bitumen to wood frog tadpoles, where 

each limnocorral is replicated by three experimental tanks, each housing 15 tadpoles in 18L of water.  
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3.1. Introduction  

Canada contains the world’s third largest reserves of crude petroleum, behind only Venezuela and 

Saudi Arabia [1]. Most of this Canadian oil is locked within the Athabasca oil sands, located in Northern 

Alberta [2]. The oil sands contain a form of crude petroleum known as bitumen, a tar-like, viscous crude 

oil that requires a lot of energy and many resources to extract, transport, and refine into useable 

commercial-grade petroleum products [1]. Most Canadian bitumen is shipped to the United States for 

refinement and ~99% of Canadian crude oil exports went to the United States as of 2015 [3]. Bitumen 

production in Canada is projected to steadily increase until 2030 from ~1.5 million barrels a day (b/d) to a 

total of 5.4 million (b/d) daily production [2]. Bitumen is commonly transported to market through rail, 

marine tanker, tanker truck, and pipeline. As of 2016 Canada contained an estimated 119,000 km of 

pipelines capable of moving a total of 1.3 billion barrels per year [2,4].  Pipelines directly connect 

Canadian supply basins with domestic and international refineries, traversing a wide range of 

environments including sensitive aquatic ecosystems such as wetlands, rivers, streams, and lakes.  

A growth in both production and exportation substantially increases the risk that bitumen could be 

spilled into aquatic ecosystems. Past incidents such as the 2010 Kalamazoo River spill have highlighted 

the risk that bitumen transport poses to aquatic environments, as over 1 million US gallons of Canadian 

bitumen were released into the Kalamazoo river, resulting in widespread ecological damage and an 

extensive clean-up effort [5]. Previous work, such as Alsaadi et al. (2018) and Dew et al. (2015) provide 

an in-depth review of the implications of a pipeline spill into freshwater in regards to oil fate, the health of 

aquatic life and ecosystem function [1,5].  

Bitumen, because it is highly viscous, must be partially diluted (dilbit) to flow within pipelines 

and other transport methods. Diluent mixtures are commonly lighter molecular weight petroleum 

products, such as natural gas condensates, usually rich in BTEX (Benzene, Toluene, Ethylene, and 

Xylene) [5]. Dilbit mixtures typically contain 20-30% diluent, but winter blends such as cold lake winter 

blend (CLWB) can contain greater proportions of these volatile compounds to decrease viscosity in 
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extreme cold [6].  Upon escape, such as during a spill, the volatilization of these diluents from dilbit is 

expected to increase viscosity and result in the sinking of bitumen in freshwater aquatic environments. 

Although dilbit sinking in freshwater has not yet been directly confirmed by peer-reviewed scientific 

inquiry, several papers currently under review are addressing this question (Rodriguez-Gil et al., 2019 & 

Cederwall et al., 2019).  

A dilbit spill in a freshwater ecosystem may impact the aquatic biota of that system through both 

toxicological and physical mechanisms. Dilbit contains known deleterious and carcinogenic compounds 

including PACs (Polycyclic Aromatic Compounds) such as dibenzothiophenes, diluents such as benzene, 

and various earth metals such as zinc (Zn) and lead (Pb) [1]. We lack data on the biological impacts of 

dilbit on amphibian species. The existing dilbit-toxicity studies focus on effects within controlled 

laboratory settings using either chemically enhanced water accommodated fractions (CEWAFs) or water 

accommodated fractions (WAFs) and model species such as Tropicalis or Xenopus [5,7]. A handful of 

previous studies investigating the effects of petrogenic PACs on amphibians have yielded similar results 

to those of studies exposing freshwater fish to oil sands contaminants [5,8]. Two different blends of dilbit 

(Western Canadian Select and Cold Lake Winter Blend) increased rates of malformations, mortality, and 

altered the expression levels of mRNA associated with both hormonal and metabolic pathways in 

amphibians [7]. In addition, wood frogs (Lithobates sylvaticus) reared in oil-sands impacted wetlands 

experienced deviations from normal metamorphosis timelines, increased rates of malformation and altered 

hormonal signaling [9]. Amphibian species have a wide diversity in the binding affinity of PAC ligands to 

the aryl hydrocarbon receptor (AhR) displaying on average a lower affinity than most mammalian species 

including humans. Lower binding affinity may infer a tolerance to the deleterious effects of PACs in some 

amphibian species [10,11]. Crude bunker fuel contains similar classes of contaminants to bitumen and can 

disrupt the normal endocrine function of frogs, significantly downregulating the expression levels of 

mRNA transcripts for the thyroid hormone receptor beta [12]. Similarly, exposure to 10 µg/L of 
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benzo(a)pyrene, a common and known carcinogenic PAC, disrupted gene regulation of steroid synthesis 

pathways, in addition to several prominent metabolic pathways in larval Xenopus tropicalis [13,14]. 

We investigated the impacts of dilbit on amphibians in an environmentally realistic system with 

tadpoles of a native species, the wood frog. The wood frog is a widespread and abundant species across 

North America with a geographic range from Northern Alaska to the Midwest United States [15]. The 

wood frog’s geographic range closely mimics the network of pipelines across Canada. Wood frogs are an 

ideal test species as (1) tadpoles are in extensive contact with both water and sediment for significant 

periods of their larval life stage, predisposing them to contaminants in both mediums [10]; (2) tadpole 

eggs, skin and gills are highly permeable to fluids, gasses and contaminants and this process of skin 

respiration places them at a higher likelihood of suffocating from a physical coating of oil [10,16,17]; (3) 

tadpoles are highly sensitive to compounds that can alter natural hormonal expression and/or thyroid 

signaling, leading to developmental complications [18].  

Previous laboratory studies have excluded or controlled important ambient environmental 

conditions such as sunlight and mixing energy, which also play an important role in mediating the toxicity 

of dilbit. Lab studies can often exclude important environmental controls that field studies incorporate, 

resulting in a discrepancy between outcomes in the two methods [19]. Studies using chemically enhanced 

and mechanically mixed CEWAFs and WAFs have been criticized for over-representing the toxicity of 

dilbit by driving a greater proportion of PACs into the aqueous phase than would occur in a naturally 

mixing system. We aimed to quantify the impacts that a freshwater dilbit spill would exert on developing 

amphibians in a realistic environment, using exposure water sourced from a simulated freshwater dilbit 

spill. At the individual level tadpole survival, growth, and development were assessed. At the treatment 

level, the expression and activity of cytochrome P450 measured through qPCR and EROD (7-

ethoxyresorufin-o-deethylase) and the tissue concentrations of triiodothyronine (T3) and 

tetraiodothyronine (T4) thyroid hormone were measured via biochemical assays. We aim to provide 
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insight to the real-world biological effects of dilbit spills on developing amphibians and allow for 

comparisons in results between lab-based and field-based methods for determining oil toxicity.  

3.2. Experimental Design and Methodology  

3.2.1. Limnocorral Experimental Set-up  

A detailed explanation of the limnocorral installation and oil addition is available in Rodriguez-

Gil et al., 2019 (in prep). Briefly, nine limnocorrals with an internal diameter of 10 m and average depth 

of ~1.6 m (~100,000 L in volume) were constructed and installed into the littoral zone of lake 260 at the 

International Institute for Sustainable Development’s Experimental Lake Area (IISD-ELA) (49.698896N, 

-93.766082W). Limnocorrals were in a sheltered bay on the north-western face of lake 260, where the 

sediments consisted of silty sands and small to medium sized pebbles. Fish were removed from the 

limnocorrals using minnow traps and surface mounted gill nets, to equalize biomass and standardize 

systems in all limnocorrals. Sandbags and cement anchors were used to secure the enclosures from 

moving in currents, seal off the sediments from the lake, and minimize water exchange. Isotopic tracer 

compounds (tritium) were added to the limnocorrals prior to dilbit addition to estimate actual water 

volumes and model water seepage. Sampling ports were installed in the middle of each limnocorral and a 

tube was run from the limnocorrals to external docks. Sampling stands were fitted with intake ports at 10 

cm above the sediments, 10 cm below the water’s surface, and mid-point (~1 m depth) (Figure 3-1). 

Limnocorrals stabilized for two weeks prior to the addition of diluted bitumen.  

On June 22nd, 2018, a team of Environment and Climate Change Canada employees and trained 

project members applied varying concentrations of Cold Lake Blend dilbit (CLB) to the surface waters of 

the limnocorrals via boats and specialized diaphragm pumping systems (Figure 3-1). The volumes of 

dilbit applied varied between 1.5-180 L in the individual limnocorrals. All volumes applied in the 

experiment were calculated based upon the volumes of all spill events in North American freshwaters 

during the period 2008-2018 (Table 3-1).  
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Figure 3-1. Schematic of limnocorral and water sampling stand within the limnocorral. All exposure water 

was sourced from an average depth of 1 m during the experiment. Photo illustration credit: Jose Luis 

Rodriguez Gil – BOREAL Project Team.  

3.2.2. Lake 260 Weather Station 

A weather station (CR300 Series Datalogger, Campbell Scientific ©) was installed at lake 260 on 

June 15th to track local weather for the duration of the experiment, at an interval of once every hour. From 

the 15th of June until the 18th of July and closure of the experiment, average air temperature was 21.02 +/- 

1.6 °C, total precipitation for the given period was 50 mL, while mean relative humidity was 67.80 %.  

3.2.3. Experimental Animal Collection and Rearing 

Wood frog eggs were collected on May 5th, 2018 from a wetland on lake 227 of the IISD-ELA. 

All eggs were collected under Queen’s University Animal Care protocol 2018-1831, and all animal care 

procedures were performed in adherence with the policies of Queen’s University’s Animal Care 

Committee and the guidelines of the Canadian Council on Animal Care. A single mass totaling ~750 eggs 

was collected and stored in an insulated cooler when embryos were at Gosner stage (GS) 1 [20]. The egg 

mass was split into three equal parts and suspended with sterile hair nets and fishline just below the water 

surface of a 70-L cattle tank. Three cattle tanks were aerated, and temperature controlled with an external 

bath to maintain a constant temperature above 5°C. Tadpoles hatched on May 15th, 2018 and commenced 

a diet of frozen organic spinach once free feeding. To minimize stress in the animals, conditions of pH, 
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temperature and dissolved oxygen (DO) within the cattle tank were kept within a similar range to that of 

the wetland of origin. A total of 360 tadpoles were used in the experiment, with 45 tadpoles allocated per 

treatment. Tadpoles were collectively at ~GS 25 when they were introduced into experimental phase 1: 

baseline monitoring. A total of 15 tadpoles were stocked at random within each of the microcosm tanks. 

All tadpoles were within a similar size and stage class upon initiation of the experiment.  

The experiment utilized a 2-phase approach, a baseline monitoring period subsequently followed 

by an exposure period. The baseline monitoring period (June 7th – June 20th) was included to assess the 

developmental trajectories and trends of tadpoles within natural growth conditions. Baseline monitoring 

consisted of three developmental monitoring time points, to determine the characteristics of normal 

tadpole growth and development. The exposure period operated from June 21st to July 11th and lasted a 

total of 21 days, concluding when at least 50% of the experimental tadpoles had developed to GS 40 or 

greater. Both the baseline monitoring phase and exposure phase were conducted on the upper shoreline at 

lake 260, adjacent to Pine Road. In total the experiment ran for 35 days, with 14 days of baseline 

monitoring and 21 days of exposure.  

3.2.4. Experimental Microcosms and Experimental Water 

Microcosm tanks were constructed out of food grade stainless steel tubs, with a total experimental 

water volume of 16-L. In total, 8 of the 9 limnocorrals from the larger BOREAL project were examined 

within this subtheme, the near-field control (limnocorral 4) was dropped from analysis due to logistical 

constraints on water transport. Each of the 8 selected treatments were replicated within 3 microcosm 

tanks. Microcosm water was sourced from each corresponding limnocorral on day-1 of the baseline 

monitoring period. Microcosm water was changed every 4 days during both baseline and exposure phases 

and consisted of 8-L (50%) being removed and a fresh 8-L from the limnocorral being added. Water was 

collected into 24-L food grade PVE camping jugs from limnocorrals at a depth of ~1-m using the sample 

port (described in Rodriguez-Gil, 2019, in prep) and a diaphragm pump system (flow rate of 12-

L/minute).  
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Table 3-1. The naming convention for exposure tanks is denoted by Treatment, and Replicate ID. In addition, 

the exact volume of diluted bitumen applied to limnocorrals and the projected nominal oil loading to 

limnocorrals are displayed below. 

Treatment 180-L 82-L 42-L 18-L 5.5-L 3-L 1.5-L Control 

Replicate 

ID 

A, B, C A, B, C A, B, C A, B, C A, B, C A, B, C A, B, C A, B, C 

Oil/Water 

(v/v) 

1:1,000 1:2,100 1:4,600 1:10,000 1:21,000 1:46,000 1:100,000 Control 

Dilbit (L) 179.78 81.83 42.34 18.13 5.51 2.87 1.45 0 

 

Microcosms were randomly stratified into 3 different large cages with protective rain roofs and 

predator meshing along the tops and sides of the tanks (Figure 3-2). The cages contained one microcosm 

replicate from each limnocorral (n=8 per cage). On experimental day-8 two HOBO© Pendant 

Temperature/Light 8K data loggers per replicate cage were installed facing west, about 5 cm below the 

water surface, the loggers recorded light and temperature for 6 tanks at 5-minute intervals. Each day 

(before noon) pH, temperature and dissolved oxygen were recorded for each experimental microcosm 

using a Hach q40d equipped with a pH and DO probe. Upon each daily check the microcosms were 

assessed visually for mortality events, and deceased tadpoles were removed and recorded in the daily log.  
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Figure 3-2. Schematic of the TADAD field site and experimental set up. LEFT: is a picture off the replicate 

cages, and field site, with the monitoring tent. RIGHT: is a schematic of the microcosms as randomized, tanks 

denoted with an * have a HOBO logger located within them. 

 

3.2.5. Experimental Water Chemistry 

3.2.5.A. Microcosm Total Petroleum Hydrocarbons 

 Water samples were collected upon completion of the experiment for TPH determination, nitrate 

(NO3) and nitrite (NO2) concentrations, and chlorophyll (a) concentrations. Water samples for TPH 

analysis were collected from each microcosm on experimental day 33 in 1-L double sterilized amber 

Boston round bottles. Boston round bottles were submerged below the surface of microcosms and ~900-

mL of experimental water was collected from each microcosm. After collection each sample was treated 

with 1 mL of internal standard (C24D50) and 50 ml of extraction solvent (DCM), rolled for 24 hours, and 

the non-polar fraction was extracted into 50-ml amber vials and stored at 4°C. The TPH analysis was 

conducted at the Emergencies Science and Technology Section of Environment and Climate Change 

Canada, Ottawa, ON, Canada. Samples were prepared and analyzed according to Environment and 



65 

 

Climate Change Canada method NO: 5.08/1.9/M - Determination of Petroleum Hydrocarbons and 

Polycyclic Aromatic Hydrocarbons in Water [21].  

3.2.5.B. Microcosm Chlorophyll-a, Nitrite, and Nitrate 

 Water samples of each experimental treatment were collected in composite to examine total 

nitrate (NO3) and nitrite (NO2) concentrations in experiment treatment waters. Using a Whatman GF-C 2 

µm Fisher brand filter and a 10-ml syringe, 3.3 ml was collected from each replicate microcosm and 

filtered into a 15-ml falcon tube and stored on ice until analysis at the IISD-ELA water chemistry lab. All 

NOX samples were initially prepared following Stainton, Capel and Armstrong’s (1977) analysis method 

[22].  

 Chlorophyll-a samples were collected on experimental day-33 and chlorophyll-a was quantified 

using an adapted fluorometric analysis technique [23,24]. A sample of ~30 ml of experimental water from 

each microcosm was run through a GF-C glass fiber paper (0.2 um), desiccated via vacuum and stored at -

20 °C for 24 hours before being analyzed. All photosynthetic pigments within the filter retained as 

particulate matter were quantitatively extracted via a mixture of 68% methanol, 27% acetone, and 5% 

Mili-Q water. A Shimadzu UV-2401 PC UV-VIS Recording Spectrophotometer with UV Probe software 

was used during chlorophyll extract quantification. All chlorophyll concentrations were quantified by 

comparing emission spectrum of the samples against an emission spectrum of a sample of a known 

volume, Chlorophyll-a (from Anacystis nidulans) was used as this known standard.  

3.2.6. Molecular, Biochemical and Developmental Endpoints   

3.2.6.A. Developmental Monitoring 

During the experimental period tadpole development was monitored at 6 discrete times, 3 during 

the baseline monitoring period and 3 times during the exposure period (experimental days 4,8,14,19,23, 

and 29). Developmental monitoring consisted of photographing 10 tadpoles from each microcosm. Each 

tadpole was additionally staged, based on Gosner, 1960 [20], and weighed wet.  
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Wet weights were determined by filling a beaker with a predetermined mass of water, zeroing the 

scale and adding individual tadpoles sequentially. Differences between the before and after weight were 

calculated to yield the weight of individual tadpoles. All measurements were made using an A&D, HL-

300WP scale with an accuracy of 0.1 g. Due to size limitations, mass measurements could only be taken 

during the exposure phase.  

Photographs were later analyzed using ImageJ with a method adapted from Davis (2008) to 

measure body length, intraocular distance and tail length [28–30]. Morphometrics in We were: body 

length (BL) as defined as the length of a tadpole from head to tail tip, intraocular distance (IO) defined as 

the distance between the edges of eyes, and tail length (TL) defined as the distance from tail tip to vent.  

3.2.6.B. Sacrifice and Cytochrome P450 Activity and Expression 

Upon completion of the experiment, every tadpole was euthanized using MS-222 overdose and 

analyzed for metrics of developmental (photographing, staging & weighing) monitoring prior to dissection 

or whole-body tissue sampling. A total of 6 tadpoles per microcosm were randomly selected for 

dissection. Livers were removed and stored in 1.5-ml Fisher brand centrifuge tubes that were flash frozen 

in liquid nitrogen (-195 °C) and later stored in a -80°C deep freeze. A total of 3 livers from each treatment 

were designated for cpy 1a gene expression while the other 3 livers were designated for EROD activity 

comparison. Analysis of both cyp 1a expression quantification and comparative EROD activity were 

conducted at INRS (Institut national de la recherche scientifique, Quebec City, Quebec) by the Langlois 

laboratory group.  

CPY1A activity in tadpole livers was measured through EROD activity, following a method adapted 

for microplates by Fragoso et al. 1998 [25]. EROD activity was measured in the post mitochondrial 

supernatant “S9 fraction” prepared from homogenates of 15 to 30 mg crushed liver in 1 mL of Hepes 

Grinding Buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and centrifuged at 10,000X g for 20 

min at 4 °C. The expression of cyp1a was measured in tadpole livers through a Q-PCR method adapted 

from Bustin et al. 2009 [26]. A long fragment (361 pb) was first amplified with primers (Table 3-2) 
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designed from a cyp1A sequence of Lithobates catesbeianus (kindly provided by Dr. Caren Helbing, 

University of Victoria, BC, Canada), using a similar method to Lara-Jacob, 2018 [7].  

Table 3-2. Genes of interest and their associated biological function, primer sequences, and amplicon length 

(bp). 

Biological 

function 

Gene of 

interest 

Primer 

name 

Forward primer (5’-3’) 

Reverse primer (5’-3’) 

Amplicon 

length (bp) 

Reference 

Reference 

gene 

rpl8 Rpl8-

A1 

F:GTGTAGAAGAGAAGCCAGGTGAT 

R:GGATTGTGGGAGATGACGGTAG 

79 Navarro-Martin 

2012 

Xenobiotic 

metabolism  

cyp1a Lica-1 F :GGCAAGATGATGAATGTGGT 

R:TCAGGCGAAATGTAAAGAGG 

361 Dr. V. Langlois 

(Unpublished, 

2019) 

Xenobiotic 

metabolism  

cyp1a Lisy-1 F:TCAGAGGGTTCCTCCTGGTA 

R:ATGGGGATTCTTGCTTAGGG 

91 Dr. V. Langlois 

(Unpublished, 

2019) 

 

3.2.6.C. Thyroid Hormone Sampling 

During lethal sampling 4 tadpoles at or close to GS stage 42 (+/- 1) were selected for thyroid 

analysis. Tadpoles for thyroid analysis were sampled immediately following euthanasia and whole bodies 

were inserted into 5-ml Eppendorf tubes that were immediately flash frozen and stored in liquid nitrogen 

(-195 °C). Thyroid analysis was conducted by Dr. Judit Smit and team (Faculty of Veterinary Medicine, 

University of Calgary, Canada). Using a method adapted from Hersikorn and Smits (2011) the analysis of 

total T3 and T4 hormone levels in tadpole extracts was conducted using Triiodothyronine (T3) Enzyme 

Immunoassay Test Kit Cat# 07BC-1005 and Total thyroxine (T4) Enzyme Immunoassay Test Kit Cat# 

07BC-1007 (MP Biomedicals, Solon, Ohio, USA) according to the manufacturer's instructions [27]. 

Thyroid hormone concentrations where analyzed on an individual basis and as a ratio of T3/T4 [27]. 
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3.2.7. Statistical Analysis and Growth Models 

All statistical analyses were performed using R in RStudio 1.1.423 using an α = 0.05. All data were 

assessed for normality using a Shaprio-Wilks test, Bartlett tests, normality histograms and residual plots.  

Either a repeated measures Freidman (non-parametric) or an ANOVA (parametric) test were used to 

collectively examine the differences between all metrics of microcosm light intensity, dissolved oxygen, 

and water temperature, throughout the whole experiment. In addition, body morphology, body mass, and 

Gosner stage of tadpoles was assessed with repeated measures tests for the data collected from all 

treatments during the baseline monitoring period. Baseline monitoring was included to assess if tadpoles 

significantly deviated from each other in body morphology prior to dilbit addition.    

The log10 transformation of limnocorral oil loading volume (L) was used as the predictor variable or 

the fixed effect for all exposure endpoints, while Replicate was treated as the random effect. Replicate was 

defined as the ID of the individual microcosm (Replicate: A, B or C). The mixed effect model had a 

random slope and intercept, as the Replicate term may have contributed to the response of tadpoles. Data 

that did not meet either the assumptions of normality and homogeneity of variance were transformed using 

power (Xn) transformations or Johnson transformations until normality and homoscedasticity were 

satisfied. Mixed effects models were fitted using the lmer function from the lme4 package version 1.1-21 

[31]. Data interpretation was assisted by the package lmerTest version 3.1-0 [32]. Thyroid hormones and 

TPH concentrations were analyzed via a one-way ANOVA  (R base), followed by a Dunnett’s pairwise 

test using the package multcomp 1.4-10 to compare each treatment to the control group mean [33].  

A principle component analysis (PCA) was performed on tadpole morphology data (body length 

(mm), tail length (mm), body weight (g), intraocular distance (mm), Gosner stage (GS) using R studio and 

the vegan 2.5-4 package [34]. A biplot was fitted with eigenvalues from Principle Component 1 (PC1) and 

PC2 and grouped by oil treatment to show differences by specific oil treatments (ggbiplot 0.55-0) [35]. 

Following a PCA, PC1 scores were extracted and regressed against limnocorral oil loading volume using a 

linear regression to test if oil loading volume influenced tadpole morphology and development. 
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Growth rates for tadpoles were calculated based on total body length and time (experimental day) 

throughout both the baseline monitoring period and the exposure period [36]. The Gompertz growth 

model is a commonly used growth model in fisheries science, and has been used in several previous 

amphibian studies to model the growth of tadpoles [37,38]. The Gompertz growth model was calculated 

using equation (1) below: 

(1) 𝑌 = 𝐴 × 𝑒(−𝐵×𝐶𝑋)
 

 where Y represents the body length of a tadpole as a response of the function, A represents the 

asymptotic growth of tadpoles at maturity, B is a numeric parameter related to the value of the function 

when x=0, and C is a numeric parameter without biological interpretation that is related to the scale of the 

x-axis.  

3.3. Results  

3.3.1. Experimental Conditions  

3.3.1.A. Microcosm Dissolved Oxygen, Light and Temperature 

Average water temperature, light intensity and dissolved oxygen across all microcosm tanks did 

not significantly differ. The average water temperature was 20.52 (+/- 2.9) °C and the average dissolved 

oxygen 13.37 (+/- 27.15) mg/L through both the baseline and exposure periods (Table A3-1). Microcosms 

within the ‘A’ cage showed the highest daily light intensity of all 3 replicate cages while tanks housed in 

replicate cage ‘B’ showed the lowest average light intensity. Overall, light intensity (Lux) did not differ 

significantly among replicates or among treatments (Table 3-3).  
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Table 3-3. The results of temperature (°C) and light intensity (Lux) monitoring from microcosm waters, 

averaged among replicate cages A, B and C.  

Replicate 

Cage 

Temperature (°C)  Max Min SD +/- Intensity, Lux  SD +/- 

A 20.62 27.86 13.30 2.88 4513.80 13919.93 

B 20.21 29.35 13.17 2.80 3492.85 11350.30 

C 20.73 29.05 13.37 3.01 4404.37 12989.39 

Average 20.52 28.76 13.28 2.90 4137.01 12753.21 

 

3.3.1.B. Microcosm chlorophyll-a concentration 

 Chlorophyll-a (µg/L) (n=24) was not correlated with limnocorral oil loading (t = 1.776, p = 

0.0902). The Replicate term accounted for 8.9% of the total variance observed within the chlorophyll-a 

concentrations in microcosms. Mean chlorophyll-a was highest within the 42-L microcosms and remained 

comparable among all other treatments. All chlorophyll-a concentrations measured within the microcosm 

waters were higher than the concentrations of chlorophyll-a observed in the limnocorrals and in lake 260 

itself.  

3.3.1.C. Microcosm TPH and Limnocorrals Oil Loading Relationship   

The average TPH concentration was highest in the microcosms exposed to 180-L limnocorral 

water (Table 3-4). The 180-L microcosm tanks had an average TPH concentration at least 500 µg/L 

greater than the next highest treatment, the 82-L microcosms. A strong (Adj-R2=0.69) significantly 

positive relationship (p-value=<0.001) was found between the log transformed limnocorral oil loading L 

and microcosm TPH µg/L (Figure 3-3). The greatest variance in TPH concentration (+/- 260.64 µg/L) 

was observed in the 5.5-L microcosms. The TPH concentrations measured among the control group, 1.5-

L, and 3-L microcosms were all highly similar, where the 1.5-L treatment showed the lowest average TPH 

concentration of all microcosms.  The TPH concentration in the 180-L microcosms significantly differed 
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(p=<0.001) from the TPH concentration in the control microcosms, all other treatments did not. See 

Appendix: F for full breakdown of TPH by F2, F3 and F4 fractions of microcosm waters.  

Table 3-4. The mean TPH (µg/L) detected within microcosm exposure water displayed by treatment in 

comparison with the mean TPH of limnocorral waters at experimental closure.  

Treatment Limnocorral Microcosm 

Dilbit 

(L) 
Oil:Water 

Volume 

(m3) 

TPH 

(µg/L)B 

SD 

(+/-) 

TPH 

(µg/L) 
n 

SD 

(+/-) 

180-L 179.78 1:588 94.1 1479 44.41 1017.73* 3 48.24 

82-L 81.83 1:3,390 103.2 730 104.86 697.24 3 67.22 

42-L 42.34 1:3,120 107.6 608 29.45 654.03 3 94.85 

18- L 18.13 1:7,440 119.0 185 10.79 468.08 3 36.25 

5.5-L 5.51 1:12,901 95.9 270 14.94 552.82 3 260.64 

3-LA 2.87 1:29,334 101.2 142.6 13.97 416.79 2 3.17 

1.5-L 1.45 1:66,071 105.7 147.6 22.18 319.46 3 26.64 

Control 0 0 96.2 24.5 6.29 436.90 3 56.89 

ATreatment had only 2 of 3 replicates analyzed  

BMeasurements of TPH composited from samples taken at the top and bottom top of the water column in limnocorrals  

*Treatments significantly differ (p=<0.05) from the control group 
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Figure 3-3.  Results of a regression of TPH (µg/L) concentration in the microcosms in response to the nominal 

oil loading (L) in the in-lake limnocorrals. Both TPH (µg/L) and oil loadings (L) are log transformed. The 

dark grey band represents the 95% confidence interval of the regression (Adj-R2=0.69, p-value=<0.001). 

3.3.2. Molecular and Biochemical Endpoints 

3.3.2.A. Genetic Expression and EROD Activity 

The expression levels of cyp1a showed no significant relationship with oil loading (Figure 3-4A). 

The results of EROD analysis on tadpole livers revealed no significant relationship between CYP1A1 

activity and oil loading (Figure 3-4B).  

3.3.2.B. Thyroid Hormone Expression 

No significant relationship (df=7, F=1.92, p=0.10) was determined between oil loading and T3/T4 thyroid 

hormone ratios. The tadpoles exposed to 82-L limnocorral water showed the highest average T3/T4 ratio 

among all treatments (Figure 3-5A). A significant difference was detected in T3 hormone concentration 

(df=7, F=3.34, p=0.01) between the 3-L treatment tadpoles and the control group.  
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Figure 3-4. Results of cytochrome P450 1A activity and expression in tadpole livers (n = 6 per treatment) at 

the end of the exposure period (day=33). A) The cyp1a expression levels are standardized and expressed as a 

unitless metric. B) CYP1A protein activity in livers as measured by EROD activity.  

 

   

Figure 3-5. Results of whole-body thyroid hormone analysis on tadpoles (n = 5 per treatment) at the end of the 

exposure period (day=33). A) Thyroid hormones are expressed as a ratio of T3/T4. B) Thyroid hormone T4 

(ng/g). Thyroid hormones were analyzed using a one-way ANOVA, and significant results by oil treatment are 

denoted by a “*” at an α=0.05. Limnocorral oil loading volumes (L) were log transformed prior to analysis. 

All tadpoles were at GS 42 (+/- 1 GS).  

 

In addition, tadpoles exposed to 82-L limnocorral water had average T4 tissue concentrations 

significantly lower (df=7, F=2.41, p=0.04) than the control group tadpoles (Figure 3-5B). The 180-L 

treatment tadpoles displayed the greatest mean T4 concentration of all treatments.  

* 

A 
B 

A B 
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3.3.3. Developmental Monitoring   

3.3.3.A. Baseline Monitoring Period 

 Total tadpole body length, intraocular distance, tail length and Gosner Stage all showed no 

significant differences (p= >0.05) among microcosms, prior to dilbit addition.  The Replicate term showed 

little to no influence on the growth and development of tadpoles.   

3.3.3.B. Tadpole Growth Rate by Treatment 

Growth rate models were comparable among treatments and showed no significant differences in 

predicted body size at maturity (A: Table A3-2.). The 180-L treatment tadpoles showed the highest 

predicted body size at maturity, 17% larger than the control tadpoles (Appendix I). Models showed a 

rapid period of growth for all treatments post dilbit addition, and a reduction in growth rate on 

experimental day 25 (Figure 3-6). Control group tadpoles displayed similar model parameters to all other 

treatments.  

3.3.3.C. Tadpole Morphometrics and Principle Component Regression   

 A PCA performed on tadpole morphometrics post dilbit addition showed no treatment related 

effects of oil loading on tadpole morphology and development. The principle component 1 (PC1) included 

factors that accounted for 80.14 % of the total variance in tadpole morphology and had an eigenvalue of 

2.00. The eigenvalues of PC1 indicated that body length (0.48), tail length (0.47), intraocular distance 

(0.46), body weight (0.45) and Gosner stage (0.46) of tadpoles are all strongly, positively, correlated with 

each other. Performing a regression analysis on PC1 as a response to limnocorral oil loading yielded no 

significant trend. Oil loading did not have any significant effect on the morphology and development of 

wood frog tadpoles post dilbit addition (Figure 3-7).  

3.3.3.D. Survival of Tadpoles  

 All treatments had a 100% survival through the baseline monitoring period. Oil loading showed 

no effect on the survival of tadpoles during the exposure period.  Microcosm tank 3-L (B) was pulled 
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during the exposure due to a bacterial infection while the 5.5-L (C) microcosm was the only other tank to 

experience mortality during exposure, displaying 93% survival upon experimental closure.   

 

 

 

Figure 3-6. Comparison of Gompretz growth rate models of the 180-L treatment tadpoles versus the control 

group tadpoles. The control group growth rate model is plotted by the solid red points and line, while the 180-

L treatment growth rate model is denoted by the black points and line. The vertical red line at experimental 

day 14, denotes the time of oil addition to the in-lake limnocorrals.   
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Figure 3-7. A scatter plot of a Principle Component 1 of tadpole morphometrics (X; Intraocular distance 

(mm), Body Weight (g), Tail Length (mm), Body Length (mm), Gosner Stage) against log transformed 

limnocorral oil loading (L). PC1 explained 80.14 % of the variance in tadpole morphometrics and a regression 

analysis (RSE=2.0, df=688, F=0.09, p=0.76) indicated no significant relationship.  Red dots represent 

treatment averages and red bars represent standard deviation. 

 

3.4. Discussion 

3.4.1. Overview of Results 

In summary, initial limnocorral oil application showed a strong linear relationship corresponding 

with the TPH concentrations measured in microcosm waters, indicating contamination of the water 

column from dissolved petroleum hydrocarbons. However, oil application had no effect on the growth and 

development of wood frog tadpoles during the exposure period at the concentrations which where applied. 

In addition, oil application did not affect the expression or activity of cytochrome P450 mRNA and 

proteins. Thyroid hormone alterations in tadpoles exposed to the 82-L limnocorral waters, corresponded 
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with visual observations of particulate oil in the water column of both the 82-L limnocorral and the 82-L 

microcosm tanks, indicating a potential driving mechanism for this selective response.  

3.4.2. Microcosm Water Chemistry 

Visual observation of experimental waters at the end of exposure implied differences in water 

quality between the microcosms and limnocorrals. Microcosm waters were eutrophic in comparison to the 

oligotrophic conditions of lake 260. Tadpole fecal matter and excrement, in combination with uneaten 

food, contributed to elevated levels of nutrients to the microcosm systems. Chlorophyll-a concentrations 

were orders of magnitude higher in microcosms than the lake, indicating higher productivity than the lake 

and limnocorral systems. Temperatures had greater variation and range in the microcosms due to their low 

volume in comparison with limnocorrals. Bacterial communities present in the eutrophic microcosm water 

may also have contributed to the degradation and removal of smaller chain, bioavailable hydrocarbons. 

Bacterial communities have classically been explored as a primary remediation method as certain 

microbial communities can effectively degrade toxic oil sands contaminants such as naphthenic acids [39]. 

Oxygen declines during night hours and this may also stimulate anerobic respiration in bacteria, which 

increases rates of microbial hydrocarbon metabolism. Further, biofilms contain fatty cells that can act to 

sequester hydrophobic contaminants such as PACs which can in turn may also significantly decrease 

exposure in static renewal systems.  

The average TPH concentrations within microcosms significantly increased as a function of 

limnocorral oil loading. The mean TPH concentrations in microcosms exposed to the 1.5-L and 3-L 

limnocorral waters had lower mean TPH concentrations than the control microcosms, indicating 

background interference in sample matrices. When analyzing the F4 fraction (C30-C50) alone it is 

apparent that large chain hydrocarbon molecules not sourced from oil were present in every microcosm, 

increasing measured TPH concentrations. However, the F3 and F2 fraction demonstrated a trend 

consistent with oil contamination, where TPH increased in response proportionally to limnocorral oil.   
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A potential complication arising from the analysis of TPH in microcosm waters, comes from the 

physical properties of the sample matrix and selectivity of the analysis method, Gas Chromatography-

Fluorescence Ionization Detection (GC-FID). Biogenic organic compounds (BOCs) such as those from 

tadpole excrement, uneaten spinach, and algal biomass can contribute to providing a falsely elevated 

signal via analysis with GC-FID [40–42]. The technique of GC-FID is not as sensitive to specific 

hydrocarbon compounds and has poor resolution for determining specific petroleum sourced species in 

comparison with analysis methods such as GC-Mass spectrometry [40,43].  

A complication for future freshwater spills arises from the analysis of TPH concentrations from 

eutrophic systems, such as wetlands. It was not possible to accurately analyze the eutrophic water from 

microcosms via fluorescence spectroscopy and GC-FID due to suspected organic contamination in the 

sample matrix. Developing methods that perform accurately in eutrophic freshwater systems in the 

presence of BOC is an area of petroleum research that has seen less attention than oligotrophic, marine 

systems and soil analysis [41]. As many wetlands are crucial for larger community dynamics and 

important breeding sites for many aquatic species – method development for rapid oil spill quantification 

and analysis should focus greater attention on the complications of eutrophic systems.  

3.4.3. Biological Endpoints 

3.4.3.A. Molecular Endpoints 

CYP1A activity and cyp1a expression levels showed no relationship to oil loading at the end of 

the exposure period, a result counter to our hypothesis. The CYP1A enzyme is the major enzyme 

responsible for the phase 1 metabolism of hydrocarbon compounds, through oxidizing hydrocarbons and 

preparing them for conjugation and excretion [44]. The CYP1A enzyme is a classical biomarker for 

hydrocarbon exposure, as the cellular presence of hydrocarbon compounds act as antagonists on the Aryl 

Hydrocarbon (AhR) receptor, inducing the expression of more CYP1A enzymes [7,45]. Neither the 

activity of CYP1A (EROD) nor the expression levels of cyp1a transcripts responded to oil application. 

Previous studies exposing amphibians to hydrocarbon mixtures have documented a corresponding 
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elevation in the expression and activity of CYP1A as a function of hydrocarbon concentration [7,27].  

Some amphibians produce aryl-hydrocarbon receptors with weaker binding affinities and utilize divergent 

primary metabolic routes to metabolize hydrocarbons in comparison with fish and mammals, potentially 

explaining some of the variation in cyp1a expression and activity [10,44,46]. In addition, bioavailable 

fractions of petroleum hydrocarbons in microcosm waters may have been lower than the threshold 

concentration needed to elicit response in cyp expression. Hydrocarbon compounds may have been 

present within microcosm waters but may not have been bioavailable or present in enough concentrations 

to elicit a cyp1a response. 

3.4.3.B. Biochemical Endpoints 

              During the final week of exposure, and subsequent final water change – particulate oil droplets 

were noted in all three 82-L microcosms. These oil particulates where visible as small sheens (~1 cm) that 

rose to the surface of tanks immediately following water changes. Tadpoles in the 82-L treatment 

microcosms displayed significantly lower tissue concentrations of T4 thyroid hormones compared to the 

control tadpoles. In addition, the ratio of T3/T4 thyroid hormones had a greater mean concentration than 

the control group, while just being above the significance threshold (α=0.05) due to variance.  

Tree swallows (Tachycineta bicolor) exposed to oil sands sourced PACs through repository and 

dietary exposure routes, and juvenile wood frogs reared in oil sands impacted wetlands have both 

displayed altered thyroid hormones as a direct response of hydrocarbon exposure [27,47,48]. Wood frogs 

reared in an oil sands impacted wetland showed decreased T3/T4 tissue ratios, compared to those reared in 

reference wetlands, which conferred to delays in growth and metamorphosis [27].  Tree swallows raised in 

the Athabasca oil sands region have shown similar trends where the ratio of T3/T4 thyroid hormones 

increased in response to PAC uptake [47]. The T3 and T4 results further suggest that measuring thyroid 

hormone concentrations can serve as a highly sensitive biomarker for hydrocarbon contamination in 

amphibians [18].   
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3.4.3.C. Growth and Developmental Endpoints 

Tadpole morphology growth rates and developmental rates did not significantly differ prior to dilbit 

addition, indicating no external differences in growth conditions among microcosms. This result is 

important as it helps confirm that variation in external factors such as light regimes, nutrient conditions, or 

replicate locations did not affect the growth or development of wood frog tadpoles.  

Gompertz growth models provided an effective way of analyzing of tadpole development throughout 

both the baseline and the exposure periods. Tadpole growth rates were originally hypothesized to decrease 

in high oil volume treatments, as observed in previous oil sands toxicity studies using larval amphibians 

[49]. The compounds found in dilbit such as PACs are known developmental toxicants and cause 

significant depression to growth rates among developing amphibians [10,50,51]. The concentrations of 

petroleum contaminants in microcosms may not have been great enough to exert delays in growth and 

development. In addition, the exposure phase only consisted of a 21-day period, a relatively short window 

to assess growth rate differences. Typically in exposure scenarios, delays in growth and development are 

either associated with excessive energy expenditures on metabolism to detoxify and excrete contaminants 

within the organism or disrupted hormonal expression and signaling [52]. In oligotrophic environments 

lower concentrations of contaminants may exert more pronounced negative effects on tadpole growth and 

development due to the pre-existing resource and energy scarcity. Eutrophic and nutrient rich aquatic 

environments may confer a natural benefit to the growth and development of amphibians under 

contaminated conditions, as less energy is expended in the pursuit of resources.   

Tadpoles across all treatments showed no differences in morphology and the control group 

tadpoles. It was originally hypothesized that morphometrics and development would be negatively 

affected by oil application, where tadpoles exposed to lake water contaminated with  higher oil volumes 

would have delayed development, reduced body size and  reduced body morphology [5]. The exposure 

period began when tadpoles had reach GS ~32, about 75% of their way to metamorphosis. This period of 

tadpole life history is much less sensitive to aquatic contaminants than the embryonic or yolk-dependent 
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juvenile life stages [53,54]. This tolerance is due to an increase in body size and mass, as well as an 

increase in the effectiveness of detoxification systems, as tadpoles reach a maximum effectiveness near 

GS 42 [53]. A lack of impact on tadpole morphology, development and growth may be due to insufficient 

TPH concentrations in the microcosms, exposure during less-sensitive life stages, an abundance of 

nutrients and resources, and/or a combination of all these factors. Although no effects were detected 

during the exposure period, longer term exposures or exposures that focus on embryos may generate more 

pronounced impacts on tadpole morphology, growth and development.   

3.4.3.D. Survival 

The survival of tadpoles showed no correlation to dilbit treatment and survival within the highest 

oil microcosms was 100% at the end of the exposure period. Acute lethality for dilbit is commonly 

associated with volatile diluents added to achieve flow in pipelines and reduce the viscosity of bitumen 

[55]. These diluent compounds are acutely toxic to aquatic species and volatile with low persistence in 

aquatic ecosystems [56]. High volatility and low persistence in aquatic systems indicate that the window 

for acute lethality following a dilbit spill would be somewhere within the first 24 hours. Due to the fact 

that experimental exposure water was only added to the microcosms ~12 hours after dilbit addition, the 

propensity for acutely toxic effects was significantly diminished as much of the diluents rapidly volatized 

from the limnocorrals.   

3.4.4. Comparison to Literature 

Of the previous species exposed to bitumen, most studies have examined the effects of chronic 

exposure on larval fin-fish species (Figure 3-8). Very little work has been conducted to assess the effects 

of dilbit to amphibians [5].  Diluted bitumen exerts comparable toxicity to conventional crude and heavy 

oils on developing aquatic life and mono-aromatic hydrocarbon content (diluent) has proved a more 

valuable indicator of acute toxicity than PAC content [57]. Within the broad class of dilbit, differing 

toxicity is observed based upon the preparation method of test mixtures, source of exposure oil, and 

duration of oil weathering (Figure 3-8) [58].  
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WAFs and CEWAFs used in previous studies utilize mechanical mixing and/or chemical dispersants 

to drive hydrocarbons into the water column and may result in a greater proportion of hydrocarbons 

entering the water column than seen in a natural spill or field-based studies such as ours.  We relied on the 

mixing energy of wind and wave action in the limnocorrals to drive PACs into the water column. Oil type 

and weathering duration as well play large roles in mediating dilbit toxicity, weathered oils generally 

show less acute lethality than non-weathered oils and oil source or blend has a ranging effect on the 

toxicity depending on the test species (Figure 3-8) [58,59]. For example, Cold Lake Winter Blend is one 

of the most acutely toxic dilbit forms due to the high percentage of diluents in this blend [56]. Juvenile 

fathead minnows, yellow perch, Japanese medaka, sockeye salmon, and rainbow trout have exhibited 

significant adverse biological effects to dilbit exposure at concentrations similar or greater to those 

documented in this study [1,58–63]. Species type and life stage of the test organism play a large role in 

mediating toxicity of dilbit, and it is expected that embryonic amphibians would be more sensitive to dilbit 

exposure than larval tadpoles.  

The only existing study exposing amphibians to dilbit documented significant malformations and 

elevated cyp1a induction, greater than the expression levels of cyp1a measured in tadpoles during our 

study [7]. However, this previous amphibian study utilized a non-native organism and a laboratory-based 

set-up. The toxicity of Cold Lake Blend dilbit blend and Western Canadian Select (two of the most 

abundant crude oils in North America) showed that TPH concentrations of 4 to 16 ppm caused  acute 

toxicity in Ceriodaphnia dubia, Pimephales promelas, Americamysis bahia, and Menidia beryllina, while 

concentrations of TPH from 0.8 to 3.5 ppm reduced growth and reproductive fitness in A. bahia and C. 

dubia [56]. The concentrations of TPH in microcosm waters only exceeded 0.8 mg/L in the highest oil 

treatment, the 180-L microcosms. The TPH concentrations observed within microcosm waters were lower 

than TPH concentrations previously identified to cause acute lethality to developing aquatic species [56].  
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Figure 3-8. Comparison of differential toxicity by oil type, experimental venue, and indicator organisms, 

including; Wood Frog tadpoles (present study), Yellow Perch, Japanese Medaka, and Fathead Minnows [59–

61,64]. Ranges of TPH are giving in ppm (mg/L). CLB stands for Cold Lake Blend and AWB stands for 

Access Western Blend. Endpoints (EC50s) are expressed relative to the TPH concentration and denoted with 

the vertical red bar and a corresponding value atop each bar. The red dotted line is an estimate of TPH in 

surface waters after the Kalamazoo River spill. Where A denotes values that have been extrapolated. 

3.4.5. Conclusions 

We provide an important linkage in bridging the gap between laboratory toxicity studies and field 

studies. Complex mixtures, such as oil, can have unpredictable effects when analyzed in natural 

environments compared to laboratories, as environmental conditions and variables such as photo periods 

can exert important controls on the underlining toxicity and mechanisms of action in the compounds of 

interest. Venue is an incredibly important component of ecotoxicological studies. A study investigated 

experimental venue by comparing the results of field based mesocosm study and a laboratory study of 

glyphosate exposure on Rana dalmatina and concluded that effects observed within the laboratory did not 

transfer to the field based mesocosms, where the field experiment yielded significantly less biological 

response to the same concentrations of glyphosate used in the laboratory study [19].  Oil mixtures may be 
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behaving in uniquely complex and contrasting ways between lab-based experiments and field-based 

studies and future work should move to examine the mechanisms driving these differences.  

In summary, the oil volumes applied to the in lake limnocorrals appeared to show no impact to 

any biological endpoint assessed through this study.  Oil application at these concentrations had no effect 

on tadpole growth, developmental rates, frequency of survival, CYP1A activity, and cyp1a expression. 

These results suggest that partitioned or dissolved hydrocarbons immediately following a dilbit spill may 

not reach a high enough concentration to exert toxicity in developing tadpoles. Interestingly, T4 thyroid 

hormones were significantly lower in the only microcosm were particulate oil was visibly present on the 

final water change. Not only does this suggest that thyroid hormones may be used as a sensitive biomarker 

for petroleum exposure – but it also suggests that the presence of physical oil is a major driver of toxicity 

in freshwater spills. The physical interactions oil can have with amphibians may be a more a likely route 

of mortality directly following a spill, as the dissolved fraction of hydrocarbons and PACs may not reach 

toxic levels without an extended period of mixing. This study highlights important gaps between field and 

laboratory based ecotoxicological studies on diluted bitumen, as laboratory exposures at similar 

concentrations have generated more extensive and severe effects on growth and development in 

amphibians and fish. Environmental variables such as natural photoperiods, bacterial colonization, 

temperature fluctuations, or combinations of these factors may contribute to unpredictable toxicity when 

extrapolating results purely from laboratory studies. Our study provides essential building blocks to 

further the investigation into the toxicological effects of Canadian diluted bitumen in freshwater 

ecosystems. Eutrophic systems such as wetlands may reduce the direct toxicity of dilbit compared to 

oligotrophic systems such as freshwater lakes.    
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Chapter 4. 

Conclusions, Recommendations and Future Directions 

The chapter begins by presenting the general conclusions of the research in addition to summaries 

of the results and conclusions from each specific study. Finally, it concludes by providing 

recommendations based on the research, identifying limitations of the research and issuing directions for 

future investigation. 

4.1. Overview 

  Our research sought to further the scientific body of literature investigating the toxic effects of oil 

sands products and extraction waste on amphibians. Amphibians are important species in many wetland 

habitats. Predicting and understanding the impacts that oil sands products and extraction waste have on the 

growth and development of juvenile and larval amphibians will help inform policy decisions and future 

research. Globally, amphibians are among the most endangered vertebrate groups due to the combined 

issues of disease spread (such as chytrid fungus), changing climate, habitat destruction, and pollution [1]. 

Multiple stressors, such as the combination of climate change and pollution increase the risk of amphibian 

disease spread and reduce the viability of future amphibian populations across North America.  As 

amphibian populations are already rapidly dwindling across the globe it is imperative to understand the 

factors that contribute to amphibian decline, such as pollution from oil sands industries. Understanding 

how complex contaminant mixtures from the oil and gas industry affect amphibian growth and 

development via realistic exposure scenarios, contributes information that is applicable to the conservation 

and preservation of declining amphibian populations across North America.    

4.2. Scope and Limitations of Research  

4.2.1. Scope 

 The present research had a broad scope of interest regarding both oil sands products and 

extraction waste. The scope of chapter 2 of the thesis was to test the toxicity of contaminated snowmelt on 

a developing amphibian species. Snowmelt dictates a large proportion of the yearly water balance in arid 
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locations such as the Athabasca-Peace Delta, and contaminated snowmelt can decrease the suitability of 

wetland habitats for amphibians and other aquatic species. Previous oil sands snow work had purely 

focused on characterizing the identity, source and geographic distributions of contaminants, and only one 

previous study had assessed the impacts of snowmelt on a native aquatic organism [2,3]. 

The product that was investigated was diluted bitumen, or dilbit. Dilbit was chosen as the product 

of interest due to its prevalence within the bitumen transport industry. Most crude oil produced in Canada 

is transported to the United States via pipeline. The frequency, geographic distribution and volumes of 

dilbit transported across North America dramatically increase the risk of dilbit spilling into freshwater 

ecosystems. Dilbit is the most likely oil sands product to contaminate amphibian environments. Although 

a variety of oil sands products are distributed from Alberta, such as Synbit, neat-bit or condensates, most 

of the crude oil is exported via pipelines as dilbit.   

4.2.2. Limitations 

 The snowmelt research study conducted in 2017 was designed as a field-based study, to mimic the 

natural variation found in real ephemeral wetlands.  However, even though the study was conducted 

outside, subject to fluctuations in temperature, photoperiod, bacterial colonization, and precipitation, 

environmental conditions such as sediment and macrophyte growth were not simulated due to logistical 

constraints. Sediment and macrophyte growth, as found in natural wetlands, can act as important sinks for 

contaminants, potentially acting to sequester these compounds before toxicity can occur in test subjects.  

The study was limited in ecological interpretation as the environmental conditions of wetlands in the 

Athabasca region are difficult to recreate in entirety. In addition, having replicated tadpole tissue samples 

for PAC concentrations would have strengthened the experiment. Future experiments using larval wood 

frogs should increase the biomass required for tissue samples. Tadpole growth trends are associated with 

water temperature and stocking density so cold temperatures or high stocking density can result in reduced 

biomass. Due to an infection, the experiment was stopped before all tadpoles had reached maturity. The 

literature on PAC toxicity suggests that long term reproductive effects may become readily apparent in an 
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otherwise healthy individual following prolonged exposure to PACs. Testing the reproductive fitness of 

tadpoles exposed to snowmelt as embryos would help to more accurately identify the ecological impacts 

snowmelt is exerting in the AOSR and any potential long-term effects.  

 The 2018 simulated dilbit spill study had several large limitations. The study system was 

originally designed to study the effects of a freshwater dilbit spill to in-lake organisms, and so the oil was 

applied in the littoral zone of an oligotrophic lake. Wood frogs typically do not breed in open lakes or 

rivers and are typically found in wetlands, backwaters and vegetated littoral zones, which are much 

warmer, higher in nutrients and less oxygenated than open waters. In addition, the microcosm study 

system used to house tadpoles could have been vastly improved if equipped as a flow-through system 

instead of static water renewals. A flow-through system would result in constant refreshment of the 

exposure water and minimize the loss of contaminants between water changes where contaminants 

dissipate through processes such as volatilization. Future studies may benefit from assessing the potential 

of dilbit to asphyxiate tadpoles through dermal smothering and compare this to the toxic effects from 

dissolved compounds. In addition, to ensure exposure is achieved in field studies, it is recommended that 

future studies of a similar nature include positive control treatments to assess such factors as contaminant 

degradation and volatilization. A positive control spiked with a known concentration of petrogenic PAC 

would have proved effective in determining the extent of exposure in test species.  

4.3. Summary of Results 

4.3.1. Athabasca Oil Sands Region Snowmelt and Larval Amphibian 

Growth and Development 

Snow from the Athabasca region had trace levels of contaminants measurable up to >100 km in 

distance away from the center of operations. However, the levels of contamination were greatest within 

the near-field zone and significantly reduced at a 50 km distance from oil sands operations, and 

concentrations of contaminants >50 km away from KAR6 are comparable to naturally occurring 

background concentrations. Snowmelt from within the near-field zone measured higher concentrations of 
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all contaminants than far-field zone snowmelt, with the highest contamination levels present in snowpack 

that was sampled 0-7 km from site KAR6. The concentrations of contaminants sampled at site KAR6 was 

highest, with concentrations of PACs orders of magnitude even higher than 6 km away.  

Contaminants from AOSR snowmelt bioaccumulated within the tissues of tadpoles, with the 

highest tissue burdens in tadpoles exposed to snowmelt from sites closer to KAR6. At the end of exposure, 

tadpoles exposed to snowmelt from the closest site to KAR6 displayed significantly altered expression 

levels of TRB in comparison to control group tadpoles. Embryonic wood frog tadpoles experienced 

reduced growth rates, delays in development, increased malformation frequency and altered behaviour 

immediately after exposure to near-field snowmelt. The survival and hatch success of wood frogs was not 

affected by exposure to snowmelt.  Tadpoles exposed to this near-field snowmelt exhibited delayed 

recovery in a clean water environment, returning to similar metrics of the control only ~30 days after 

exposure had ceased. Tadpoles exposed to snowmelt from the far-field zone showed no biological impact 

and developed at similar rates as control tadpoles.  

4.3.2. A Toxicological Assessment of Diluted Bitumen on Amphibian 

Development 

 Diluted bitumen contaminated lake water differed in chemical characteristics between the 

limnocorrals and the experimental tadpole microcosms. Although the two systems had very different 

physical conditions and characteristics, the tadpole microcosm exposure served as a more comparable 

system to many wetlands. Water within the microcosms was on average more nutrient rich, more 

productive, warmer, and less oxygenated than the water in the limnocorrals. Wetlands are crucial habitats 

that serve as important breeding grounds for many aquatic species and invertebrates. Wetlands can either 

be adjacent to larger water bodies, such as floodplains or inlets, or can be isolated completely from other 

water inputs (ephemeral systems).   

 The TPH data suggested that compounds similar in structure to petroleum hydrocarbons were 

being generated within the experimental microcosms. The control microcosm had a TPH concentration 
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10x greater than the control limnocorral at the end of exposure. Organic compounds (such as tadpole 

waste) other than hydrocarbons may have confounded the TPH water chemistry results. Overall a strong 

relationship between TPH concentrations within the microcosms and initial oil loading in the limnocorrals 

was established using a linear regression. Higher oil loading volumes in limnocorrals corresponded with 

higher TPH concentrations in microcosms, indicating tadpoles were exposed to petroleum sourced-

contaminants.  

 In terms of growth and development, tadpoles were not affected by either initial dilbit loading or 

TPH concentrations in the microcosms. No differences in morphometrics, body mass, developmental 

stage, and growth rates between treatments and the control were detected in either the baseline monitoring 

or exposure phases. A regression of PC1 values against oil application volume determined that tadpole 

morphology was highly similar across the exposure period among treatments. The addition of dilbit 

contaminated water resulted in no effect on the survival of tadpoles.  In addition, the exposure to oil-

contaminated lake water had no effect on the expression or activity of cytochrome P450 in the liver tissue 

of tadpoles. Interestingly, thyroxine (T4) tissue concentrations were significantly lower in tadpoles 

exposed to the 82-L limnocorral water, than in the control tadpoles.  This result corresponded with the 

presence of particulate oil found within the 82-L microcosms. Droplets of oil were observed in 

microcosms as small as a 1 cm surface sheen that appeared immediately after the final water change. 

Overall the dissolved fraction of contaminants immediately following a dilbit spill showed very little 

effect on the growth and development of larval wood frogs. However, the presence of particulate oil 

resulted in marked changes to thyroxine (T4) tissue concentrations, indicating the suitability of thyroid 

hormones as biomarker for petroleum exposure.    

4.4. Future Directions  

In terms of toxicity studies on the effects of oil sands products and contaminants on aquatic species, 

very little work has gone into assessing the responses of amphibians. Wood frogs are an excellent species 

for assessing oil sands impact due to their abundance across North America, sensitivity as juveniles and 
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explosive breeding patterns. Greater attention in future studies should be focused on the impacts of oil 

sands products and extraction wastes to native amphibians. To date, only a handful of studies have directly 

examined the effects of bitumen on amphibians, and of those published studies, none of them have 

explicitly tested a native amphibian species in a field environment [5]. Several previous studies 

investigating the effects of oil sands contaminants in reclaimed wetlands have utilized wood frogs as a test 

species and generated similar results to those observed within the present snowmelt study [4,6,7]. A 

greater focus should be placed on incorporating native amphibian species into oil sands toxicity studies, as 

these species are the most likely to be impacted in North America and can provide ecological  

context.   

Wetland ecosystems are dominated by peatbogs and seasonal floodplains in the Athabasca region. 

Productive ecosystems, such as wetlands, have highly differing environmental conditions from lakes and 

streams, including greater temperature fluctuations, lower oxygenation, higher dissolved solids and 

nutrient concentrations, and greater diversity and abundance of bacterial and algal communities. 

Conditions such as the presence of diverse bacterial communities, can result in unpredicted effects on 

toxicology studies. Incorporating a diversity of exposure mediums into toxicity studies can help quantify 

how lab results may change in more complex natural systems.  

In addition, a greater focus should be placed on bridging the gaps between laboratory studies and 

field studies. The majority of oil toxicity studies are laboratory based and utilize such solutions as WAFs 

or CEWAFS, while excluding or standardizing important environmental inputs such as temperature and 

photoperiod. Differences between laboratory and field-based results for the same class of contaminants 

can be quite pronounced. For instance, a comparative study investigating the effects of a glyshophate 

pesticide on developing amphibians yielded significantly different endpoints between a lab based 

exposure and a field based mesocosm exposure [8]. Studies that allow for natural variability can lead to a 

better understanding of the natural variation and complexities that occur in a real-world ecosystem, which 

is incredibly important for effective policy and decision making.  



98 

 

The majority of recent work regarding oil sands snowmelt have reached a consensus in identifying 

petroleum coke as a major source of PACs to the near-field region [3]. In Alberta the storage of petroleum 

coke is not regulated. Petroleum coke differs chemically from pile to pile, and even within single piles, so 

attributing a toxicity to this group of compounds is extremely complex. Each company should be required 

to independently test their own petroleum coke samples in order to verify the levels of contaminants in a 

more realistic way. The feed source of bitumen and underlying geology plays a large role in determining 

petroleum coke toxicity as different oil deposits will have differing chemical properties resulting in 

differing biological responses. To mitigate the effects of petroleum coke, regulations should be written 

and enforced to ensure minimal petroleum coke release. Petroleum coke should be stored away from the 

elements, in sealed silos or containment facilities with wetting (misting) capabilities to reduce fugitive 

dust escape. In addition to this, future studies examining the effects of oil sands snowmelt on aquatic 

species should identify and characterize the extent that petroleum coke plays in mediating toxicity. 

Petroleum coke stockpiles may be acting as point sources of contaminant release so an understanding of 

its toxicity would be a powerful tool for regulators and policy makers. Utilizing a regression style 

experiment, where aquatic species are exposed to differing concentrations of petroleum coke would be an 

excellent starting place for this line of work.  

4.5. Summary of Future Directions 

1) Incorporate more native amphibian species into toxicity testing, especially in oil sands science.   

2) Develop techniques and methods for aquatic exposure studies to more accurately simulate 

complex wetland environments.  

3) Develop stronger field-based toxicology study methods that can simulate real world ecosystems.  

4) Standardize field-based methods and techniques and strengthen the linkages between field and 

lab-based experiments. 

5) Improve petroleum coke regulations and storage methods to reduce fugitive dust emissions.  
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4.6. Final Conclusions and Remarks   

 The contamination of wetlands in Alberta with fouled snowmelt may impact the growth, 

development and behaviour of larval amphibians utilizing these ecosystems as breeding grounds. 

Furthermore, the accidental spillage of diluted bitumen into freshwater environments may have 

detrimental impacts to aquatic species, including amphibians, if not quickly and effectively remediated. 

Bridging the knowledge gap between laboratory and field-based methods would significantly strengthen 

the interpretation of toxicological studies in ecologically relevant ways, protecting the health of Canadian 

freshwater resources for the future generations.  
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Appendix A: Wood Frog Primer Sequences for Snowmelt Exposure 

Experiment  

Table A-1. Full sequences of the primers used within the genetic analysis of L. sylvaticus upon day 

25 of the experiment. Sequences for TRA, TRB, DIO2, and RXRA are adapted from Navarro-Martin 

et al., while primers for RPL8 are from Higley et al. [1-2].  

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

RPL8 5-GTGTAGAAGAGAAGCCAGGTGAT-3 5-GGATTGTGGGAGATGACGGTAG-3 

DIO2 5-GAYYTGYTGATCACKCTKCA-3 5-ACTCTTCCACCAKYTTRCTG-3 

TRA 5-TGCCCATGTTCTCAGAGCTG-3 5-ACTTCCTGGTCCTCAAAGACCTC-3 

TRB 5-AGCAGCATGTCAGGGTAC-3 5-TGAAGGCTTCTAAGTCCA-3 

RXRA 5-AGCTGCTGTTGCGTCTACCT-3 5-GAGCTTCCAGCATCTCCATT-3 

 

 

1. Navarro-Martín L, Lanctôt C, Edge C, Houlahan J, Trudeau VL. 2012. Expression profiles of 

metamorphosis-related genes during natural transformations in tadpoles of wild Wood Frogs 

(Lithobates sylvaticus). Can. J. Zool. doi:10.1139/z2012-074. 

2. Higley E, Tompsett AR, Giesy JP, Hecker M, Wiseman S. 2013. Effects of triphenyltin on growth 

and development of the wood frog (Lithobates sylvaticus). Aquat. Toxicol. 

doi:10.1016/j.aquatox.2013.09.029. 
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Appendix B: Snowmelt Water Chemistry  

Table B-1. The results of basic water chemistry conducted on the treatment waters 

(snowmelt and controls). All analysis was conducted at CCIW within the lab of 

Environmental Testing.  

Parameter Units 0-km 6-km 43-km 83-km 112-km 144-km O N 

Specific conductance (25°C) µS/cm 622 465 466.5 427.5 427 456 428.5 804 

Alkalinity, Total (CaCO3) mg/L 252 196.5 201 182 182 187.5 182 349.5 

NaOH mg/L 12.255 12.295 12.085 12.250 12.215 12.320 12.275 12.425 

Fluoride mg/L 0.080 0.070 0.055 0.055 0.055 0.055 0.055 0.085 

Chloride mg/L 20.750 18.650 18.400 18.200 18.200 20.650 18.650 35.700 

Sulfate mg/L 17.650 12.560 10.720 9.775 10.065 13.470 9.715 19.200 

Ammonia as N mg/L 0.008 0.101 0.010 0.069 0.024 0.046 0.027 0.083 

Nitrate/Nitrite as N mg/L 0.115 0.272 0.015 0.080 0.123 0.117 0.058 0.035 

Nitrite as N mg/L 0.023 0.030 0.005 0.005 0.005 0.006 0.004 0.005 

Phosphorus, Soluble Reactive (SRP) mg/L 0.002 0.005 0.036 0.001 0.002 0.003 0.001 0.001 

Calcium mg/L 73.950 71.900 72.050 66.950 66.850 67.650 65.950 131.850 

Magnesium mg/L 10.245 11.420 11.860 10.155 10.095 11.355 9.960 19.600 

Sodium mg/L 10.590 9.920 8.140 7.720 7.765 10.815 8.825 14.785 

Potassium mg/L 54.400 0.870 2.715 0.530 0.680 0.800 0.545 1.020 

Silica mg/L 3.910 3.565 7.390 2.540 2.420 3.145 2.370 4.655 

Carbon, Particulate Organic mg/L 39.300 17.700 2.780 1.600 1.700 1.280 1.630 1.840 

Nitrogen, Particulate Organic mg/L 1.260 0.411 0.265 0.152 0.178 0.127 0.152 0.242 

Carbon, Dissolved Organic mg/L 14.700 5.800 6.800 3.100 3.300 4.300 3.200 5.500 

Nitrogen, Total mg/L 0.890 0.655 0.520 0.363 0.381 0.375 0.289 0.562 

Nitrogen, Total dissolved mg/L 0.432 0.476 0.304 0.223 0.225 0.280 0.192 0.317 

Nitrogen, Total Kjeldahl mg/L 4.220 0.810 0.580 0.342 0.317 0.341 0.287 0.560 

Nitrogen Total Kjeldahl Dissolved mg/L 0.209 0.295 0.256 0.197 0.160 0.220 0.185 0.320 

Phosphorus, Total mg/L 0.249 0.134 0.098 0.024 0.034 0.030 0.022 0.035 

Phosphorus, Total dissolved mg/L 0.004 0.005 0.031 0.004 0.005 0.006 0.003 0.007 

Carbon, Dissolved Inorganic mg/L 52.200 31.500 32.000 29.000 29.000 29.700 28.600 54.500 

Chlorophyll µg/L 4.400 8.200 6.200 8.200 8.600 6.000 9.300 22.700 

Chlorophyll – Corrected µg/L 3.600 7.800 5.000 7.300 8.100 5.400 8.100 19.600 
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Table B-2. The concentrations of total mercury (THg) detected within treatment waters and 

in the pond water that was used for the depuration period. THg is reported in units of ng/L.  

Treatment or Sample  THg  

(ng/L) 

  

0-km 15.7   

6-km 9.38   

43-km 3.00   

83-km 1.11   

112-km 1.14   

144-km 1.43   

N (Negative Control) 1.36   

O (Osmotic Control) 0.89   

Pond Water Sample #1 1.59   

Pond Water Sample #2 1.52   

  

 

Table B-3. The concentration of PACs in snowmelt from each treatment site, divided by 

four categories, total PACs, total alkylated PACs, EPA priority 16 PACs, and total parental 

PACs. All PAC concentrations are in ng/L.  

PACs 
 

0-km 6-km 43-km 83-km 112-km 114-km 

∑PACs 
 

891519 72535 12397 273 222 290 

Total Alkylated PACs 842339 69853 11766 252 208 283 

Total EPA Priority 16 PACs 38665 1753 441 17 10 5 

Total Parent PACs 48946 2407 538 20 11 5 

Total Dibenzothiophenes  108285 10639 1155 48 33 45 
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Table B-4. The concentration of PACs in snowmelt from the 0-km and 6-km sites that 

exceeded CCME guidelines for freshwater. All concentrations are in µg/L and 

concentrations denoted with an A do no exceed CCME guidelines at the corresponding site.  

PAC Type CCME Guideline 0-km 6-km 

Naphthalene (NAP) 1.1 9.06 0.006A 

Anthracene (AN) 0.012 8.7 0.04 

Phenanthrene (PHE) 0.4 14.4 0.3A 

Benzo(a)anthracene (B(a)A) 0.018 0A 0.16 

Fluoranthene (FLT)  

 
0.04 0.002A 0.05 

Pyrene (PY) 0.04 0.002A 0.05 

Benzo(a)pyrene (B(a)P) 0.015 0A 0.06 

 



105 

 

Appendix C: Tadpole Tissue PAC Loading from Snowmelt Exposure  

Table C-1. Total PAC concentration within the tissue of tadpoles sampled on day 25 of the 

exposure period (n = 8). PAC concentrations are displayed in lipid normalized values [ng/g 

Lipid]. 

Treatment  0-km 6-km 43-km 83-km 112-km 144-km Negative Osmotic  

Total Parent PAC  272186 8195 2271 2386 2403 2641 3297 3355 

Total Priority 16 Parent PAC  190063 6145 1886 1964 1943 2144 2579 2767 

Total Alkylated PAC  819358 29131 4538 2829 2898 3440 5296 3296 

Total Dibenzothiophene  4058 56 5 12 10 17 25 14 
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Appendix D: Growth Rate Equations from Snowmelt Exposure  

Table D-1. The regression equations generated for both overall zones and individual 

treatments, based on body length changes over experimental days. Time points used; day 

25, 42, 55, 62, 70 and 77.  

Treatment or Zone Regression Equation 

Near-field Body Length (mm) = -76.78 + 7.3773 Day 

Far-field Body Length (mm) = -76.11 + 7.6134 Day 

Control Body Length (mm) = -78.44 + 7.7195 Day 

0-km Body Length (mm) = -88.98 + 7.657 Day  

6-km Body Length (mm) = -76.65 + 7.426 Day 

43-km Body Length (mm) = -64.94 + 7.056 Day 

83-km Body Length (mm) = -69.27 + 7.546 Day 

112-km Body Length (mm) = -75.25 + 7.508 Day 

144-km Body Length (mm) = -82.93 + 7.766 Day 

O Body Length (mm) = -85.78 + 7.900 Day 

N Body Length (mm) = -72.91 + 7.585 Day 
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Appendix E: Developmental Stages of Wood Frogs Exposed to 

Snowmelt  

Table E-1. The Average Gosner stage of each treatment on four different dates of the 

experiment; Days 25, 62, 70 and 77. The symbol n in the last row denotes the number of 

tadpoles sampled per replicate on each date.  

Treatment  Day 25 Day 62 Day 70 Day 77 

0-km 23.7 34.5 37.2 40.0 

6-km 23.8 34.3 36.7 39.3 

43-km 23.8 33.1 36.8 39.7 

83-km 24.2 34.5 37.1 40.8 

112-km 24.2 34.4 37.3 39.9 

144-km 24.2 34.1 37.3 40.5 

Negative Control (N) 24.27 34.7 37.1 40.8 

n (per Replicate)  10  10 20 10 
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Appendix F: TPH Method and Analysis of Microcosm Waters  

A 20 mg aliquot of the sample extract was transferred to a 3-g silica gel clean-up column 

to separate the sample into specific hydrocarbon fractions. Hexane was added initially to the 

column and results in the elution of the F1 fraction.  Hexane and DCM was added at a 1:1 (v/v) 

ratio to elute the aromatic compounds in the second fraction, F2. F1 and F2 are concentrated to less 

than 1 ml by evaporation under nitrogen gas. The internal standard 5-α-androstane was added into 

the first fraction and the internal standards of d14-terphenyl and 5-α-androstane was added into 

the second fraction. Finally, the first and second fraction solutions were made up to the injection 

volume of 1 to 2 (± 0.1) mL.  Gas Chromatography and Flame Ionization Detection (GC-FID) 

were used for the determination of total saturated hydrocarbons in the F1 fraction, while the F2 

fraction was analyzed by GC-FID for total aromatic hydrocarbons, and GC-Mass Spectrometry 

was used to analyze the samples for US EPA priority PAHs. A combined 100 µL of a 1:1 mixture 

of the F1 and F2 fractions formed the F3 fraction and was analyzed by GC-FID for quantification 

of total petroleum hydrocarbons (TPH) and the total resolved peaks and unresolved complex 

mixtures (UCM). Adapted from ECCC Protocol NO: 5.08/1.9/M - Determination of Petroleum 

Hydrocarbons and Polycyclic Aromatic Hydrocarbons in Water.  
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Figure F-1. The total TPH within microcosm exposure water, displayed by fractions. All 

data is log10 transformed and normalized. Fraction sizes of F1: nC6-nC10, F2: >nC10-

nC16, F3: >nC16-nC34, F4: >nC34. Relationships are modeled with a linear regression. 

The F2 fraction (C6 to C10) of microcosm water showed a similar trend to total TPH, 

indicating a strong significant relationship that increases in F2 compounds corresponded with 

increases in limnocorral oil volume (R2-adj=72.73%, T-value=7.48, p-value=<0.005). In addition, 

the F3 fraction of microcosm TPH showed a strong, significant relationship where increases in F3 

compounds corresponded with increases in limnocorrals oil volume (R2-adj=68.2%, T-

value=7.01, p-value=<0.005). Interestingly the F4 fraction of microcosm water showed no 

relationship with oil volume (R2-adj=0.12%, T-value=0.16, p-value=0.87). The lack of 

relationship in the F4 fraction indicates background hydrocarbon contamination from some other 

source than oil. Biogenic organic compounds (BOCs) are biologically generated and naturally 
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occurring hydrocarbon-based compounds that can coextract with petrogenic hydrocarbons 

leading to falsely elevated TPH values [1]. BOCs are a complication for TPH measurements and 

are likely the source of elevated TPH concentrations observed within microcosm waters, as 

demonstrated by the F4 fractions lack of response to oil volume [2].  
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Figure F-2. TPH concentration in microcosm exposure water and limnocorral water, in 

comparison with each other. All data are log10 transformed and normalized. Relationships 

are modeled with a linear regression.  

 The TPH measurements within microcosms were on average higher than those recorded 

in the limnocorrals (day 28). Both limnocorrals (R2-Adj=80.83%, F-value=11.48, p-

value=<0.005) and microcosms (R2-Adj=66.63%, F-value=6.66, p-value=<0.005) showed a 

strong positive relationship between oil volume and TPH concentration. The TPH concentration 

measured within the lower oil volume microcosm was much greater than within the 

corresponding limnocorrals, indicating background contamination. BOCs may have contributed 

to falsely elevated signals detected in the microcosm’s exposure water [2]. TPH concentrations in 

the three highest oil volume limnocorrals and microcosms (180-L,82-L, and 42-L) showed very 

similar TPH concentrations.  

 



112 

 

1. Kelly-Hooper F, Farwell AJ, Pike G, Kennedy J, Wang Z, Grunsky EC, Dixon DG. 2013. Is 

it clean or contaminated soil? Using petrogenic versus biogenic GC-FID chromatogram 
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Appendix G: Cytochrome P450 Expression Method for Dilbit Exposure  

Total RNA was extracted from the 69 liver samples using Trizol® Reagent (Ambion™ RNA 

by Life Technologies, Carlsbad, CA, USA) following the manufacturer's method. Isolated RNA 

was measured using a NanoDrop-2000 spectrophotometer (Thermo-Fisher, Ottawa, ON, Canada). 

Reverse-transcription and RT-qPCR methods were done following MIQE guidelines for qPCR 

[1]. The cDNA products were diluted 40-fold prior to RT-qPCR amplification based on 

optimization runs for the gene of interest, cytochrome P450 1A (cyp1a). Specific primers for 

Lithobates sylvaticus were generated following unsuccessful attempts with other species primers. 

A long fragment (361 pb) was first amplified with primers designed from a cyp1A sequence of 

Lithobates catesbeianus (kindly provided by Dr. Caren Helbing, University of Victoria, BC, 

Canada), then sequenced, and primers suitable for qPCR were designed from that sequence [2]. 

The cyp1a gene was assessed using relative fold change to the reference gene ribosomal protein 

subunit L8 (rpl8). No statistical differences in gene expression level were observed between 

controls and treatments for the reference gene (rpl8; p < 0.05). 

 

1. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T, 

Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. 2009. The MIQE guidelines: 

Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 

55:611–622. 

2. Lara-jacobo LR, Willard B, Wallace SJ, Langlois VS. 2019. Cytochrome P450 1A transcript 

is a suitable biomarker of both exposure and response to diluted bitumen in developing frog. 

Environ. Pollut. 246:501–508. 
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Appendix H: EROD Activity Methods for Dilbit Exposure  

To determine CYP1A1 activity, the EROD assay was optimized for wood frog’s liver. All 

supplies and chemicals were purchased from Sigma-Aldrich (St. Louis. MO. USA). The EROD 

activity was measured using a spectrofluorimetric method adapted for microplates by Fragoso et 

al. (1998) [1]. EROD activity was measured in the post mitochondrial supernatant “S9 fraction” 

prepared from homogenates of 15 to 30 mg crushed liver in 1 mL of Hepes Grinding Buffer 

(HGB) and centrifuged at 10,000X g for 20 min at 4 °C. Reaction mixtures contained 50 μL S9 in 

N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) buffer (0.1 M; pH = 7.8), 10 μL 

of nicotinamide adenine dinucleotide phosphate (NADPH 20 mg/mL) and 50 μL of 7-

ethoxyresorufin (0.024 mg/mL) in DMSO. The activity was quantified in 96-well microplates 

using a FilterMax F5 plate reader (excitation 530 nm, emission 590 nm, PerSeptive Biosystems, 

Framingham, MA, USA). The fluorescence of resorufin was measured at 60 sec intervals for 20 

min. Fluorescence readings were compared to a resorufin standard curve. All samples were 

assayed in triplicate. Total protein concentration of the S9 fraction was measured with Bradford 

reagent using bovine serum albumin as a protein standard (BIO-RAD Laboratories, Hercules, 

CA, USA). EROD activity was expressed as pmoles resorufin min−1 mg−1 protein. In addition to 

randomized samples from different sites on each microplate, a positive control was added to 

assess the quality and repeatability of measurements. Liver homogenate from a juvenile double-

crested cormorant exposed environmentally to airborne PAHs was used a positive control [2].  

 

1. Fragoso NM, Parrott JL, Hahn ME, Hodson P V. 1998. Chronic retene exposure causes       

sustained induction of CYP1A activity and protein in rainbow trout (Oncorhynchus mykiss). 

Environ. Toxicol. Chem. 17:2347–2353. 
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pathway in wild double-crested cormorants. Ecotoxicol. Environ. Saf. 150:176–189. 
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Appendix I: Gompertz Growth Model Parameters from Dilbit Exposure 

Table I-1. Equation parameters used to build growth models of tadpoles displayed by 

treatment. All treatments used 7 different time points of growth data (n=75 tadpoles per 

treatment) to generate the parameters.  Parameters chosen by ‘SSgompertz’ R-package, 

based on best fit.  

 

Treatment 

Parameters 

A (Size at Maturity) B (Size on day 0) C (Growth Rate) 

180-L 65.83 1.83 0.95 

82-L  51.65 1.75 0.91 

42-L 62.74 1.48 0.95 

18-L 52.35 1.65 0.91 

5.5-L 59.32 1.60 0.94 

3-L 46.45 1.63 0.89 

1.5-L 58.86 1.71 0.93 

Control  54.29 1.98 0.92 

                *Denotes significantly different treatments 
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Appendix J: TPH Concentration of Exposure Water Sourced from 

Limnocorrals  

 

 

Figure J-1. Bar chart of average TPH concentration of microcosm exposure water on each 

water change date during the exposure period. The black vertical line denotes the average 

TPH measured in control limnocorrals during the experiment. Averages consists of 

composite measurements of TPH from the top and bottom of limnocorrals.  

 

 The average TPH concentration was similar to the control limnocorrals during the first 

water change. The mean TPH concentration in exposure water steadily increased over the 

duration of the experiment. Exposure water during days 8-15 showed the highest average TPH 

concentrations among all treatments.   
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Appendix K: Daily Check-In Water Chemistry Averages from Dilbit 

Exposure 

Table I-1. The results of daily check in averaged over the entire experimental period. 

Temperature is expressed in °C, while dissolved oxygen (DO) is expressed in mg/L, and % 

DO is function of DO mg/L and temperature °C.  

Treatment n Temp. SD (+/-) DO SD (+/-) DO% SD (+/-) 

180-L 96 19.51 3.47 13.75 22.04 88.59 37.01 

5.5-L 96 19.28 3.26 13.55 22.04 86.72 34.98 

42-L 96 19.18 3.79 13.70 21.83 89.11 35.34 

Control 96 19.40 3.83 12.97 22.46 79.68 35.69 

3-LA 90A 19.23 3.28 13.96 22.14 88.31 35.41 

1.5-L 96 19.31 3.33 11.78 18.04 88.12 36.07 

18-L 96 19.31 3.37 13.52 21.44 87.95 34.31 

82-L 96 19.37 3.40 13.73 22.11 88.48 34.65 

Average (all) 762 19.32 3.47 14.37 27.15 87.12 35.43 

A Denotes a treatment which had a replicate removed from analyses. 

 


