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Abstract 

Extracting bitumen from the Canadian oil sands is a water-intensive process that 

produces large volumes of oil sands process-affected water (OSPW). The recycling of OSPW for 

bitumen extraction causes it to become highly contaminated with salts, metals, residual bitumen, 

and dissolved organic compounds called naphthenic acid fraction components (NAFCs). 

Currently, large volumes of OSPW are being stored in temporary settling basins called tailings 

ponds. As OSPW is known to be toxic to a variety of organisms, there is increasing concern 

about accidental breaching and leaking of OSPW from tailings ponds into the environment. To 

mitigate these risks, there are plans for controlled releases of treated OSPW into surrounding 

environments. More information on the sub-lethal effects of OSPW, and particularly NAFCs 

derived from OSPW, is needed to inform regulations that will protect wildlife and human 

populations living downstream of the oil sands region. Our studies evaluated whether exposure 

to NAFCs extracted from OSPW has lethal and sub-lethal effects on fish. Our first study exposed 

fathead minnow (Pimephales promelas) embryos to environmentally relevant concentrations of 

NAFCs (2 - 54 mg/L) for 7 days, then raised surviving larvae in outdoor mesocosms of clean 

lake water for 1 month. We found that embryonic exposure to NAFCs resulted in decreased 

embryo survival and impaired development, with persistent adverse effects on larval fish 

survival and behaviour after one month of rearing in lake water. Our second study exposed 

juvenile yellow perch (Perca flavescens) to environmentally relevant concentrations of NAFCs 

for 7 days and monitored the fish for changes in behaviour before and after NAFC addition. We 

found that juvenile exposure to NAFCs (15 mg/L) impaired fish survival, fish equilibrium while 

swimming, and antipredator behaviour in fish. Our findings show that NAFCs have both lethal 

and sub-lethal effects on fish development and behaviour that could affect their survival and 
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performance following exposure. These findings are pertinent for developing evidence-informed 

decisions regarding planned OSPW releases in the Canadian oil sands region.  
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Chapter 1. 

General Introduction 

Oil extraction in the Canadian oil sands region 

 Since oil sands development began in 1967, the Canadian oil sands region has become 

the third largest producer of oil in the world (Alberta Energy Regulator 2021). Situated mainly in 

the northeastern region of Alberta, Canada, the total geographic area containing bitumen, which 

is a thick, viscous form of crude oil, is about 140,000 km2 (Allen 2008). In total, the oil sands 

region contains an estimated 178 billion barrels of recoverable oil (Environment Canada 2013). 

Currently, the oil sands industry is estimated to produce about 3 million barrels of bitumen per 

day (Alberta Energy Regulator 2021), and this is expected to increase to 3.95 million barrels per 

day by 2030 (CAPP 2015). This continuous increase in production has raised concerns about the 

potential impacts of oil extraction activities on the ecosystems surrounding the mining area.  

 The open pit mining process used to extract bitumen from the oil sands is water intensive. 

During surface mining operations, for every 1 m3 of bitumen, 2.5 m3 of freshwater is required for 

extraction (RSC 2010). Utilizing a hot water extraction process, the oil sands slurry is digested 

with hot water (79-93°C) to separate bitumen from the sands and clay (Giesy et al. 2010). The 

fluid tailings that are produced in this extraction process are typically composed of 70 to 80% 

water, 20 to 30% solids such as clay, silt, and sand, and about 1 to 3% residual bitumen (Allen 

2008; Hughes et al. 2017). Following the extraction process, the fluid tailings are stored in 

temporary settling basins (hereafter, tailings ponds), where the suspended solids settle and 

separate from the water portion of the tailings. Water withdrawn from tailings ponds is 

repeatedly recycled for the bitumen extraction process in order to reduce the amount of 

freshwater taken from nearby environments (Allen 2008).  
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 The continuous recycling of fluid tailings causes the water to become highly 

contaminated, and thus toxic to a variety of organisms (Li et al. 2017). Currently in Alberta, 

tailings ponds cover an area of about 130 km2 and store an approximated 1 billion m3 of fluid 

tailings (Iqbal et al. 2013; Collins et al. 2016). In total, the oil sands region in Alberta has about 

50 tailings ponds that are reported to contain contaminated water used during the industrial and 

extraction process. Of these 50 tailings ponds, 23 are classified as extreme consequence should 

leakage occur, 11 are classified as very high consequence, and 7 are classified as high 

consequence (Alberta Energy Regulator 2018). All the tailings ponds are located within 90 km of 

Fort McMurray, and all tailings ponds are within 20-30 km from the Athabasca River, which is a 

major freshwater river in Alberta. Some tailings ponds are located less than 500 m from the bank 

of the Athabasca River (Alberta Energy Regulator 2018).   

 Storing such large volumes of contaminated water near the Athabasca River raises 

concerns of fluid tailings entering the river through accidental or purposeful releases. The 

Athabasca River begins in southwestern Alberta in Jasper National Park and stretches about 

1500 km northeast, eventually draining into Lake Athabasca. The Peace-Athabasca delta is at the 

confluence of the Peace and Athabasca Rivers. This delta is considered one of the world’s most 

ecologically significant wetlands as it is recognized internationally as an important habitat for the 

migration of waterfowl and the Plains Bison (Athabasca River Basin Research Institute 2021). 

Lake Athabasca then flows into Slave River and McKenzie River and ultimately flows into the 

Arctic Ocean. Thus, it is of increasing concern that fluid tailings entering the Athabasca River 

may have adverse effects on both freshwater biota and human populations downstream of the oil 

sands region.  

Oil sands process-affected water  
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 Oil sands process-affected water (OSPW) is a term used to define any water that has 

come into contact with bitumen during the oil extraction process (Li et al. 2017). As it is a fairly 

broad term, OSPW encompasses a variety of water types, which include fresh OSPW contained 

in active tailings ponds, consolidated tailings used for the treatment of tailings with chemical or 

physical separation techniques, dyke drainage water that is collected from surrounding tailings 

ponds, and aged or treated OSPW from wetlands and reclamation ponds (Mahaffey and Dube 

2016). All of these water types are collected and maintained in tailings ponds. 

 Though the chemical composition of OSPW can differ between tailings ponds, OSPW 

always contains certain classes of contaminants. These contaminants include naphthenic acids 

(NAs), polycyclic aromatic compounds (PACs), BTEX (benzene, toluene, ethyl benzene, and 

xylenes), phenols, heavy metals and ions (Allen 2008; Mahaffey and Dube 2016). The primary 

contaminants in OSPW are organic compounds mostly sourced from bitumen (Schramm et al. 

2000). The primary sources of inorganic compounds in OSPW are connate waters and clay 

minerals within the ore (Mikula et al. 1996). The primary factor influencing the raw composition 

of OSPW is ore quality, as it affects residual NA and bitumen concentrations, the total suspended 

solids, clay and mineral content including metals, and salt concentrations (Mahaffey and Dube 

2016).  

 OSPW has been found to be toxic, and often lethal, to birds, fish, frogs, and plants (Li et 

al. 2017). A variety of components of OSPW contribute to its toxicity. Concentrations of PACs, 

which can cause endocrine disruptive, mutagenic, carcinogenic and immunotoxic effects, have 

been found at an average 0.01 mg/L in OSPW (Li et al. 2017). Environmental guidelines state 

that PAC concentrations should not exceed 0.00001–0.00006 mg/L (Allen 2008). In addition, 

high concentrations of salt are found in OSPW which leads to high conductivity (~1000 to 
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4000μS/cm) (Mahaffey and Dube 2016). Generally, conductivity more than 2000μS/cm can 

cause toxicity to fish by inducing ionic imbalances and causing osmotic stress (Goodfellow et al. 

2000). In addition, metals in OSPW contribute to its overall toxicity as they are known to 

bioaccumulate in organisms. Arsenic, copper, cadmium, lead, and chromium levels in OSPW 

have all been found to exceed water quality guidelines set by the Canadian Council of Ministers 

and the Environment (CCME 2020).  

 The majority of OSPW toxicity is attributed to naphthenic acid fraction components 

(NAFCs) (Morandi et al. 2015). These compounds are a complex mixture of carboxylic acid 

surfactants that are solubilised into OSPW during the extraction process (Mahaffey and Dube 

2016). As well, NAFCs are an acid extractable organic fraction of OSPW characterized by the 

general formula CnH2n+zO2, where n represents the carbon number and Z represents the number 

of hydrogen atoms lost to a ring structure or double bond (Richardson and Ternes 2018). The 

term NAFC includes classical NAs as well as more complex structures that contain three or more 

oxygen-atoms, sulphur and nitrogen heteroatoms (Rowland et al. 2011). Concentrations of 

NAFCs range from 20 to 80 mg/L in OSPW tailings ponds (Mahaffey and Dube 2016), and 5 to 

40 mg/L in reclamation ponds (Anderson et al. 2012; Kavanagh et al. 2013). There are multiple 

modes of action that NAFCs may induce toxicity in organisms, including narcosis, 

immunotoxicity, carcinogenicity, and endocrine disruption (Li et al. 2017). In addition, NAFCs 

are highly persistent in the environment and can remain in OSPW tailings ponds for decades 

(Marentette et al. 2015a).  

The toxic effects of OSPW and NAFCs on fish 

 Fish that are native to the lakes and rivers in the Canadian oil sands region are vulnerable 

to OSPW and NAFC exposure (Kinley et al. 2016). Fish embryos, in addition to being immobile, 
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are also delicate and sensitive to xenobiotic toxicity (McKim 1977). In addition, fish have been 

found to be more sensitive to NA toxicity compared to other freshwater organisms, including 

invertebrates and plants (Kinley et al. 2016). As such, investigating the effects of OSPW and 

NAFCs on fish is vital to understanding the effects that OSPW contaminants have on aquatic 

ecosystems.  

OSPW and NAFCs can cause multiple toxic effects on fish. In early life (embryonic) 

experiments, fish embryos exposed to OSPW had significantly lower survival, higher rates of 

premature hatching, and higher incidences of spinal malformations and pericardial edemas 

(Peters et al. 2007; He et al. 2012). Similarly, several studies have investigated effects of early 

life exposures of fish to NAFCs. Fish embryos exposed to NAFCs tend to have lower survival, 

hatch prematurely, and are smaller when they hatch (Marentette et al. 2015a,b; Madison et al. 

2020). Exposure to NAFCs can cause malformations in fish embryos, particularly heart 

deformities such as pericardial edemas (Marentette et al. 2015a,b; Loughery et al. 2019; Madison 

et al. 2020). These heart malformations may be related to further physiological effects on, as 

NAFC exposures have also been associated with decreases in embryo heart rates by up to 10% 

(Marentette et al. 2015b). 

In addition to impaired development, exposure to OSPW and NAFCs can impair fish 

reproduction. As adults, exposure to OSPW with >25 mg/L NAFC concentrations can 

completely inhibit fathead minnow spawning (Kavanagh et al. 2011). Additionally, exposure to 

10 mg/L of NAFCs can reduce fathead minnow (Pimephales promelas) spawning and fecundity 

(Kavanagh et al. 2012). One study investigated reproductive success in adult zebrafish (Danio 

rerio) that had been exposed to raw OSPW as embryos but found no significant changes in 

breeding success (Philibert et al. 2019). NAFCs and OSPW can also reduce the concentrations of 
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sex steroids in fish (Kavanagh et al. 2013). The structural similarities of some NAFCs to steroid 

hormones such as estradiol and estrone may cause NAFCs to alter the expression of endocrine-

disrupting genes, thus negatively impacting the development and endocrine function of fish 

(Rowland et al. 2011). 

Exposure to OSPW and NAFCs seems to have mixed effects on fish size and growth. 

Fathead minnows exposed to NAFC concentrations that were below acute toxicity thresholds 

showed a significant decrease in length at hatch, in addition to significant decreases in length and 

mass at 9 and 16 days post hatch when exposed throughout the larval stage (Marentette et al. 

2015a, Marentette et al. 2015b). These studies also concluded that growth inhibition may 

manifest more strongly in fish larvae after exogenous feeding begins, indicating the importance 

of sub-lethal toxicity tests that encompass multiple life stages. In a study investigating adult 

fathead minnow populations in reclaimed OSPW tailings ponds, researchers found that mass and 

condition factors of fish fluctuated in comparison to fathead minnows from reference ponds that 

did not contain OSPW. During some sampling periods, fathead minnows in the OSPW ponds did 

not change relative to fathead minnows from reference sites. In other sampling periods, they 

found that fathead minnows in OSPW ponds were significantly larger (Kavanagh et al. 2013). 

Similarly, a growth bioassay study found that fish exposed to OSPW had significant increases in 

length after 7 days, but no difference in growth after 28 or 56 days (Siwik et al. 2000).  

Exposure to OSPW can also alter fish behaviour. Fish are able to smell and avoid minute 

concentrations of OSPW, as low as 0.1% (Lari and Pyle 2017; Reichert et al. 2017). Moreover, 

when fish are exposed to OSPW and unable to escape, researchers found that olfaction is 

impaired and alarm and food cue response decreases within just 5 minutes (Lari and Pyle 2017; 

Reichert et al. 2017). While investigating the lasting effects of OSPW on fish, Philibert et al. 
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(2019) found that embryonic exposure to OSPW caused decreased activity, swim speed, and 

alarm responses in fish. Moreover, they found that these changes in behaviour were 

transgenerational. Other than these studies however, there is limited understanding of the effects 

of OSPW on fish behaviour, and no studies have investigated the effects of NAFCs on fish 

behaviour.  

Several monitoring programs assess changes in surface water and sediment quality in the 

Canadian oil sands region (EMSD 2017; Sun et al. 2017). However, data on fish in the 

Athabasca River is limited. One study reported elevated activity in the biomarker 

ethoxyresorufin-O-deethylase (EROD) in slimy sculpin (Cottus cognatus) and pearl dace 

(Semotilus margarita), suggesting hydrocarbon exposure downstream of the oil sands mining 

area (Tetreault et al. 2003). Similarly, burbot (Lota lota) living downstream of the oil sands 

mining area were observed to display increased mixed function oxidase activity, which is a 

biomarker known to facilitate the excretion of aromatic contaminants and indicates 

environmental stress (Cash et al. 2000). Another study found that NAFC concentrations in the 

Athabasca River watershed were elevated compared to control sites and these NAFC profiles 

were similar to aged OSPW. Moreover, this study found that fish found in these waters with 

higher NAFC concentrations had higher energy storage as indicated by higher condition and 

liver size, as well as lower gonad size and fecundity compared to fish from control sites (Arens et 

al. 2017). These combined studies suggest that aquatic biota living downstream of the oil sands 

deposits are at risk of adverse effects due to exposure to oil sands contaminants.  

Study species 

For this thesis, we chose to investigate the effects of NAFCs on two fish species: fathead 

minnow and yellow perch (Perca flavescens). We chose to investigate these two species as they 
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are both native to the Canadian oil sands region and are thus at risk of NAFC exposure should 

OSPW be released into the Athabasca River. As well, fathead minnow is a robust fish species 

with a higher tolerance to chemical exposure, whereas yellow perch tend to be more sensitive 

(Teather and Parrott 2006). Comparing differences in sensitivities between fish species exposed 

to NAFCs allows for a more thorough understanding of how OSPW may affect aquatic 

ecosystems in the Canadian oil sands region.  

Fathead minnow is a fish species native to the Canadian oil sands region and can be 

found in the Athabasca River and its surrounding lakes and tributaries (Wallace and McCart 

1984). In addition, fathead minnow is a commonly used model species for aquatic toxicology 

(Ankley and Villeneuve 2006), making it a practical subject species for investigating the effects 

of OSPW and NAFCs on fish. Fathead minnow lives in shallow, weedy areas of water including 

bog ponds, streams, and ditches, where they notably can withstand fairly low oxygen levels. 

Fathead minnow is an omnivorous, opportunistic feeders that eat algae, protozoa, plant matter, 

larval and adult insects, rotifers, and copepods. Predators of fathead minnow include crappies, 

perch, rock bass, largemouth bass, walleyes, and northern pike, as well as turtles, kingfishers, 

and herons. Humans also use fathead minnow as bait. Adult males (3-5 g) are larger than females 

(2-3 g), and males show several secondary sex characters when reproductively active. The 

spawning season for fathead minnow begins in late May or early June and continues into mid-

August. Newly hatched fathead minnow larvae are active and start feeding immediately. Fathead 

minnow usually reaches reproductive maturity within 4-5 months of hatch (Ankley and 

Villeneuve 2006).  

Yellow perch is also native to the Canadian oil sands region and can be found in the 

Athabasca River and its surrounding lakes and tributaries (Wallace and McCart 1984). In 
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addition, yellow perch is a common sport fish and thus is an important part of the Canadian 

fisheries industry. Yellow perch tends to prefer open water with moderate vegetation and thus 

tend to avoid habitats with higher turbidity or decreased vegetation. Yellow perch is a shallow 

water fish when in lakes and most often remain above 30 m. As well, yellow perch generally 

remains in water temperature between 19 and 21 ºC. Yellow perch mainly feeds on insects, 

larger invertebrates, and fishes from the bottom of the water column or in open water. Perch fry 

initially feed on plankton and aquatic invertebrates such as chironomid (midge) larvae. Juvenile 

perch feed primarily on invertebrates (midge larvae, dragonfly and mayfly nymphs, ostracods 

and molluscs) and small fishes. Adult perch mainly feed on small fishes, but invertebrates also 

form part of their diet. Both perch fry and adults are gregarious and often forage in groups. 

Yellow perch spawning takes place in the spring (April or May) in lake shallows or in tributary 

rivers (Whiteside et al. 1985).  

OSPW and the surrounding environment 

In order to understand the potential effects of OSPW and NAFCs on organisms in the 

Canadian oil sands region, it is essential to understand the source of the contaminants and their 

pathways of exposure. The large volumes of OSPW stored in tailings ponds create multiple 

possibilities for pathways of exposure. The first contamination route may be through OSPW 

leaking from tailings ponds into surrounding sediments and groundwater. Though it can be 

difficult to ascertain if contaminants found in the oil sands region are from anthropogenic or 

natural sources, a recent factual record reported consistent evidence of tailings fluids seeping 

from tailings ponds into groundwater (Commission for Environmental Cooperation 2020). This 

groundwater is in close proximity to the surface water of the Athabasca River and its tributaries. 

Similarly, chemical components that are characteristic of OSPW were identified in groundwater 
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samples near tailings ponds, implying that OSPW is indeed leaking (Frank et al. 2014). While 

the actual leaking rates are undetermined, numerical models estimate that cumulative seepage 

from oil sands operations are around 11 000 m3/day (Environmental Defence 2008). In addition 

to leaking, tailings ponds were not built for long-term storage, and thus could be subject to 

accidental breaching (Commission for Environmental Cooperation 2020). An accidental breach 

would cause the release of untreated, highly contaminated OSPW to enter surrounding 

ecosystems in large amounts, and thus would cause a substantial risk to the health of the 

environment downstream. Dibike et al. (2018) modelled hypothetical breaches and release 

scenarios of OSPW tailings ponds and found that an initial spill of OSPW into the Athabasca 

River may have long-term effects on the water quality and aquatic ecosystem of the river.  

Another potential route of exposure is the discharge of OSPW from end pit lakes into the 

Athabasca River and surrounding waterways. End pit lakes are engineered water bodies that are 

located below grade in a post-mining pit. The lakes are filled with surface and groundwater that 

contain oil sands by-product and fine tailings solids under the freshwater cap. The end pit lakes 

are meant to become permanent features in the post-mining landscape that will discharge water 

into the downstream environment. It is the hope that end pit lakes will be a surface feature that 

can be used by the general public and will support fish populations, wildlife and migratory 

waterfowl use, and will meet recreational water quality guidelines (CEMA 2012). If there is a 

large amount of tailings contained in the end pit lakes, the consolidation process may continue 

for decades after the mining process is finished (Kabwe et al. 2019), and thus contaminated 

water may be discharged from end pit lakes for years after the mining process is complete. Fish 

held in end pit lakes for decades demonstrate persistent adverse effects of OSPW on the 

reproductive development and health of fish compared to nearby reference sites (Kavanagh et al. 
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2013; Hogan et al. 2018). Currently, the permanent placement of fine tailings solids in end pit 

lakes is approved as a reclamation plan for many oil sands mines by the Alberta Energy 

Regulator if companies can demonstrate their viability (Kabwe et al. 2019). 

The liability of storing such large volumes of OSPW in an open landscape, in addition to 

the potential for accidental breaches and leaking, have contributed to another potential exposure 

pathway of OSPW into the environment: purposeful controlled releases of OSPW into the 

Athabasca River. Currently, oil companies are not permitted to discharge OSPW into the 

surrounding environments (Hazewinkel and Westcott 2015). However, in 2015, the Government 

of Alberta implemented a change in policy that requires oil sands operators to leave the operation 

sites in a state that is “ready-to-reclaim” within ten years of completing mining the area 

(Government of Alberta 2015). This change in policy was implemented to decrease the liability 

and environmental risk of storing OSPW and fluid tailings, and to minimize the further 

accumulation of fluid tailings in the oil sands region by ensuring that tailings are treated and 

reclaimed during the mining process. Thus, oil companies must either detoxify and release 

OSPW into natural environments or transform tailings ponds into active ecosystems.  

Currently, it is unclear if there is sufficient research, regulations and monitoring programs 

to execute these releases in way that sufficiently mitigates the potential environmental impacts 

on downstream ecosystems. Moreover, there are currently no concentration guidelines for the 

release of NAFCs defined by the Canadian Council of Ministers of the Environment or the 

Federal Environmental Quality Guidelines (FEQG), though NAs are currently under 

development to be listed on the FEGQ (CCME 2020; FEGQ 2021). FEQGs are issued by the 

Minister of the Environment and Climate Change and may be used as tools for evaluation in 

environmental risk monitoring.  
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 As previously discussed, NAFCs constitute the majority of OSPW toxicity and can cause 

a suite of adverse effects on fish (Morandi et al. 2015). Therefore, in order to make evidence-

informed decisions regarding the safe elimination of OSPW and tailings ponds, threshold NAFC 

concentrations must be defined before the release of OSPW into natural ecosystems. 

Research objectives 

 Evidence-informed decisions regarding tailings pond management require more research 

on the effects of NAFCs on aquatic wildlife including fishes, particularly studies on sub-lethal 

effects that could persist throughout life histories. The objective of this research body was to 

examine both the lethal and sub-lethal effects that NAFCs derived from OSPW have on fish. 

This research objective was met via two field experiments conducted at the Queen’s University 

Biological Station (QUBS) in 2019 and 2020. The aim of the first study was to investigate the 

effects of NAFCs on the survival, development, and behaviour of early-life stages of fathead 

minnow under semi-natural field conditions. Specifically, we were interested in whether a short 

exposure to OSPW-derived NAFCs during the embryo stage can cause adverse, sub-lethal 

effects that manifest themselves during the larval stage. The aim of the second study was to 

investigate the effects of NAFCs on the antipredator behaviour, foraging behaviour, and baseline 

swim behaviour in juvenile yellow perch under semi-natural field conditions. These studies are 

the first to investigate the effects of NAFCs on fish behaviour.  
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Chapter 2.  

Exposure of fathead minnow embryos to organic compounds from oil sands tailings has 

adverse effects on survival, development, and behaviour that persist into larval stages. 

ABSTRACT  

Our study evaluated whether exposure to naphthenic acid fraction components  

(NAFCs) extracted from oil sands process affected waters (OSPW) has adverse effects on fish 

embryos that persist into later life. We exposed fathead minnow (Pimephales promelas) embryos 

to concentrations of NAFCs present in OSPW (ranging from 2.5 to 54 mg/L) for 7 days (1-day 

post-fertilization to hatch), then raised surviving larvae in outdoor mesocosms of filtered lake 

water for 1 month. Embryos exposed to NAFCs were more likely to exhibit malformations (by 

up to 8-fold) and had slower heart rates (by up to 24%), compared to controls. Fish raised in lake 

water, following exposure to NAFCs as embryos, were 2.5-fold less likely to survive during the 

larval stage than control fish. Furthermore, these fish showed up to a 45% decrease in swim 

activity and a 36% increase in swim burst events during behavioural tests relative to controls. We 

conclude that exposure to NAFCs at the embryonic stage can have lasting effects on fish that 

persist at least into the larval stage. To our knowledge, this is the longest longitudinal study to 

investigate persistent effects of NAFCs on fish following embryonic exposure, and the first to 

demonstrate that embryonic NAFC exposure influences larval behaviour. These findings are 

pertinent for decisions regarding management of oil sands tailings. 
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INTRODUCTION   

The Canadian oil sands industry is the world’s third largest producer of oil, generating 

about 3.0 million barrels of bitumen a day (Alberta Energy Regulator 2021). Extracting bitumen 

from oil sands is a water-intensive process that produces large volumes of fluid tailings, which 

are stored in temporary settling basins (hereafter, tailings ponds). The water portion of these 

tailings becomes separated from suspended solids after the solids settle out in tailings ponds. 

This water is called oil sands process-affected water (OSPW). The OSPW from tailings ponds is 

used repeatedly for bitumen extraction, causing it to become concentrated with salts, metals, 

residual bitumen, and a complex suite of dissolved organic compounds derived from natural 

bitumen (Allen, 2008). OSPW is well known to be toxic to fish, amphibians, birds, and mammals 

(Li et al. 2017). Currently, the oil sands industry stores over 1 billion cubic meters of OSPW in 

tailings ponds (Allen 2008; Miskimmin et al. 2010). As tailings ponds were not built for long-

term storage, they may pose risks through accidental breaches or contamination of groundwater 

via sediment leaching (Commission for Environmental Cooperation 2020). To mitigate these 

risks, plans are underway to treat OSPW and release it to the environment (Government of 

Alberta 2015; Alberta Energy Regulator, 2017). More information on the effects of the toxic 

compounds in OSPW on aquatic biota under field conditions is needed to inform regulations and 

assess the safe release of treated OSPW to the environment. 

Naphthenic acid fraction components (NAFCs), an acid extractable organic fraction of 

OSPW, are primarily responsible for the toxicity of OSPW (Morandi et al. 2015). Classical 

naphthenic acids (NAs) are characterized by the general formula CnH2n+zO2, where n represents 

the carbon number and Z represents the number of hydrogen atoms lost to a ring structure or 

double bond (Richardson and Ternes 2018). The term NAFC includes classical NAs as well as 
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more complex structures that contain three or more oxygen atoms, and heteroatoms of sulphur 

and nitrogen (Rowland et al. 2011). Concentrations of NAFCs range from 20 to 80 mg/L in 

OSPW tailings ponds (Mahaffey and Dube 2016) and 5 to 40 mg/L in reclamation ponds 

(Anderson et al. 2012; Kavanagh et al. 2013), with ambient surface level concentrations being 

typically less than 1 mg/L (Headley and McMartin, 2004). As NAFCs are highly persistent in the 

environment and can remain in OSPW in tailings ponds for decades (Marentette et al. 2015a), it 

is critical to understand both the immediate effects such as outright lethality, and also the sub-

lethal, persistent effects of NAFCs exposures that may affect aquatic species later in life.  

The most sensitive period of the fish life cycle is typically in the early stages, spanning 

immediate post-fertilisation through embryogenesis to the larval free-feeding stage (OECD 

2013). Most published studies investigating the effects of NAFCs on fish focus on early life 

exposures. Several studies have investigated effects of early life stage (embryonic) exposures of 

fish specifically to OSPW-derived NAFCs from active tailings ponds in the Athabasca oil sands 

region (e.g., Peters et al. 2007; Marentette et al. 2015a,b; Loughery et al. 2019; Madison et al. 

2020). Fish embryos exposed to NAFCs tend to have lower survival, hatch prematurely and are 

smaller when they hatch. These fish also exhibit reduced embryonic heart rates and heart 

malformations, such as pericardial edemas (Peters et al. 2007; Marentette et al. 2015a,b; 

Madison et al. 2020; Loughery et al. 2019).  

While these studies investigating fish embryonic and larval exposures to NAFCs provide 

important information about their immediate toxicity, few experiments ran longer than three 

weeks or investigated sub-lethal endpoints, and thus there is limited information about any 

lasting sub-lethal effects of NAFC exposures across multiple life stages in fish. The overall aim 

of the present study was to examine the effects of NAFCs on the survival, development and 
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behaviour of early life stages of fish under semi-natural field conditions. Specifically, we were 

interested in whether a short-term exposure to NAFCs derived from OSPW during the 

embryonic stage can cause adverse, sub-lethal effects that manifest themselves during the larval 

stage. Investigating any persistent effects of NAFC exposure on fish across multiple life stages is 

vital to fully understand the potential impacts of OSPW releases into the environment (be they 

intentional or accidental) and for making evidence-informed decisions regarding OSPW 

management. We chose to investigate changes in development following NAFC exposure 

because if fish physiology is impaired either structurally or functionally, it can have lasting 

impacts on swimming performance in adulthood (Incardona et al. 2015). We also chose to 

investigate behavioural endpoints because changes in behaviour have immediate consequences 

for fish growth, reproduction, and survival (Brodin and Johansson 2004; Smith and Blumstein 

2008). Thus, if NAFCs impair fish development and behaviour, it could have ecologically 

important effects that influence fish populations in the Canadian oil sands region. 

In the present study, we exposed fathead minnow (Pimephales promelas) embryos, a fish 

native to Canada’s oil sands region, to different environmentally relevant concentrations of 

NAFCs, and then raised the larvae in filtered lake water for 1 month in outdoor mesocosms, to 

test the following hypotheses: embryonic exposure to increasing concentrations of NAFCs 

impairs cardiovascular development in fish, thereby reducing embryonic survival and hatching 

viability and increasing incidences of cardiac malformations (H1); and impaired development 

due to embryonic NAFC exposure has sub-lethal effects that persist into later life stages, 

including decreased larval survival and growth, and altered larval behaviour (H2).  

MATERIALS AND METHODS 

Study species.  
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Fathead minnows are native to the Athabasca River watershed, a major waterway running 

directly through the oil sands region of Alberta, Canada. Fathead minnows can be found in the 

main stem of the river, its tributaries, and surrounding lakes (Wallace and McCart 1984). 

Therefore, fathead minnows in the oil sands region may be potentially exposed to NAFCs by 

controlled releases of OSPW into the Athabasca River, accidental breaches of tailings ponds or 

contamination of groundwater via leaking of OSPW from tailings ponds into the watershed 

(Commission for Environmental Cooperation 2020). 

Preparation of NAFC solutions.  

Approximately 2000 L of fresh OSPW was collected from an active tailings pond in 2011 

(Industry “A”; Marentette et al. 2015a). Total NAFCs were extracted and purified from this 

sample as described by Frank et al. (2006), with a fraction of the extract previously used for 

experimentation by Marentette et al. (2015a) and Bartlett et al. (2017). The fraction of the extract 

used in the present study had a concentration of 2636 mg/L total NAFCs, measured via negative-

ion electrospray ionization high resolution mass spectrometry (ESI-HRMS, Orbitrap). The 

NAFC extract was stored in darkness at 4 °C until it was nominally diluted with filtered lake 

water to solutions of 2.5, 6.5, 10, 14.5, 21, 29.5, 40 and 54 mg/L, in 10 L polyethylene 

containers. The initial pH of the working stock solutions ranged from 8.36 to 10.29 and was 

adjusted to 8.3 ± 0.1 using 0.1 M hydrochloric acid to isolate the effect of NAFCs on fish from 

the effects of pH on fish. In natural waters, alkalinity in ecosystems would buffer changes in pH.  

Experimental design.  

We conducted our experiment at the Queen’s University Biological Station (QUBS; near Elgin, 

Ontario, Canada, 44°33'55" N 76°19'35" W) from July 15 to August 21, 2019. Water for the 

experiment was sourced from Opinicon Lake adjacent to the field station. Fathead minnow 
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embryos (n = 1400, > 24 hours post-fertilization (hpf)) from a minimum of ten breeding pairs 

were obtained from Aquatox Testing and Consulting Inc. (Guelph, Ontario, Canada). The 

experiment consisted of two phases: a 7-day static ‘exposure phase’ where embryos were 

continuously exposed to different concentrations of NAFCs from 24 hpf to hatch, and a 1-month 

‘post-exposure phase’ where larvae were raised in filtered lake water to monitor for persistent 

and latent effects of their prior NAFC exposure. 

The exposure phase took place outdoors in a tent that allowed embryos to experience 

natural variations in air temperature and sunlight. On the first day of the experiment (hereafter, 

day 0), embryos were randomly distributed among microcosms (1 L glass jars; Bernardin, 18 cm 

height x 8.5 cm diameter, n = 27) filled with one of the eight NAFC concentrations (2.5, 6.5, 10, 

14.5, 21, 29.5, 40 and 54 mg/L) or filtered lake water as the control. There were three microcosm 

replicates per treatment, each containing 45 to 50 embryos. Each microcosm was maintained 

above 7 mg/L dissolved oxygen (DO) via continuous aeriation with an aquarium air pump 

(Hailea HAP-60, Guangdong, China) and the microcosms were held in a water bath (60 L 

container) to stabilize water temperature. Treatment solutions were 90% renewed on day 3 of the 

exposure, except for the 40 and 54 mg/L treatments, where we observed nearly 100% embryonic 

mortality by day 3. All animal procurement and experimental procedures were carried out in 

accordance the Queen’s University Animal Care Committee (protocol no. 2018-1829).  

The 1-month post-exposure phase began once embryos were hatched and began 

exogenous feeding as larvae. Larvae (total n = 430) from the control, 2.5, 6.5, 10, 14.5 and 21 

mg/L treatments were transferred to outdoor mesocosms filled with 300 L of filtered lake water. 

We were not able to include the higher concentration exposures (i.e., 29.5, 40 and 54 mg/L) in 

the post-exposure phase because very few embryos survived to day 7 in these treatments. Larvae 
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were fed brine shrimp (Artemia franciscana, Kellogg 1906), twice daily, but were also observed 

consuming algae and insect larvae growing in the mesocosms. Mesocosm water was not changed 

throughout the post-exposure phase.  

Water sampling and chemical analysis.  

We measured water temperature (°C), pH, DO (mg/L), conductivity (µS/cm) and salinity (ppm) 

periodically in the microcosms and daily in the mesocosms using a Hana meter (H198129) and a 

Hach meter (HQ40d, Loveland, Colorado, USA). Light intensity (lux) and temperature were 

continuously monitored using HOBO data loggers (Onset, Bourne, Massachusetts, USA), placed 

inside the microcosm water bath, as well as inside one microcosm and four mesocosms filled 

with filtered lake water. All water parameters remained within the suggested ranges for fathead 

minnow early life stage toxicity testing (Appendix A, OECD 2013).  

Water samples of each NAFC treatment and the control were collected for further 

chemical analysis on day 0, 3 and 6 of the exposure phase and stored in 250 mL amber glass 

bottles at 4 °C. The class distribution, size of compounds (carbon number and double bond 

equivalents), and total NAFC concentrations present in the samples were determined by Orbitrap 

ESI-HRMS following similar methods as Headley et al. (2013).  

Exposure phase endpoints.  

During the exposure phase, we assessed the following endpoints: embryonic mortality, 

embryonic heart rate, full body twitching rate, dry mass, malformations and viability at hatch.  

Mortality and hatch viability were assessed daily in the morning. Embryos were counted 

as dead and removed if an opaque discolouration and an absence of movement were 

observed (OECD 2013). Hatch viability was defined as the proportion of embryos that produced 

fully hatched, viable embryos. Fish exhibiting more than two mild malformations, or more than 



20 

 

one moderate or one severe malformation were considered non-viable (after Marentette et al. 

2015a).  

Heart rate was assessed at 96 hpf, where embryos (n = 9 per treatment, n= 3 per replicate 

microcosm) were randomly chosen and gently pipetted in 24-well microplates (Thermo 

Scientific™ BioLite Microwell Plate; 1 mL volume/well) in their corresponding treatment 

solution. As there was 100% mortality by day 3 in the highest NAFC treatment (54 mg/L), heart 

rate analysis was not possible for that treatment. Embryos were videotaped using a custom-built 

camera with a macro zoom lens for 30 s to estimate average heartbeat per min, as previously 

described by Marentette et al. (2015a). Individual heart rates were counted blindly and manually 

from the videos by an observer. 

 Dry mass at hatch was assessed by defrosting newly hatched sac fry previously 

euthanized in a 0.2% buffered tricaine methanesulfonate (MS-222) solution (sodium bicarbonate 

ratio 2:1, m/v; Acros Organics, Thermo Fisher Scientific, New Jersey, USA). Pooled fish 

samples were defrosted in vials at 4 °C for 24 h. Vials were centrifuged briefly, and then were 

placed in a drying oven for 24 h at 70 °C (Quincy Lab, Inc., Chicago, Il., Model A1-2052). Vials 

were weighed using an analytical balance (± 0.001 g, Thermo Fisher Scientific Denver 

Instrument P-403) with the pooled fish and again after the pooled fish were removed. The pooled 

dry mass was divided by the total number of fish in the vial to obtain average individual dry 

mass. As there was nearly 100% mortality in the 40 and 54 mg/L NAFC treatments, embryos 

from these treatments were excluded from all further analyses. 

Full body twitching rate was assessed by randomly choosing a subset of newly hatched 

sac fry (n = 9 per treatment) and placing them in 6-well microplates (Thermo Scientific™ 

BioLite Microwell Plate; 3 mL volume/well). A total of three fish per microcosm were placed 
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inside one well, and only one well was used at a time per microplate. Groups of fish were 

acclimated for 3 min, before the 3-min activity assessment began. Video cameras (Canon HF 

R800) were mounted overhead, and recordings were initiated prior to the acclimation period to 

minimize external disturbances to the fish. We recorded the total number of twitches per fish to 

calculate the average twitching rate per min. Following each trial, fish were euthanized in MS-

222, photographed, and stored at -20 °C. 

Malformations were assessed in a subset of newly hatched sac fry (n = 45 to 

50 per treatment) who were euthanized and photographed using a custom-built camera with a 

macro zoom lens (described above). Embryos that hatched prematurely (prior to 120 hpf) were 

underdeveloped and could not be included in the analysis (i.e., embryos from the 40 and 54 mg/L 

treatments). Photographs were later analyzed for cardiovascular (pericardial edema, 

hemorrhaging), craniofacial (reduced head, eye, and/or jaw growth), myoskeletal (spinal 

curvatures), and peritoneal (yolk sac edema) malformations using a modified scoring index from 

Villalobos et al. (2000) (Appendix B). Malformations were scored from 0 to 3, where 0 = no 

observable effect, 1 = mild effect, 2 = moderate effect, and 3 = severe effect, then summed to 

obtain the overall severity index (SI) score per fish. For total severity scores, 0 = no observable 

effect, 1-4 = mild effect, 5-8 = moderate effect, and 9-12 = severe effect. Analyses were 

performed independently by three researchers naïve to treatment and the overall severity index 

was the average of the three scores. Carcasses were grouped by replicate and stored at -20 °C.   

Post-exposure phase endpoints.  

Mortality, size, and behaviour of larvae were assessed after 1 month of rearing in 

mesocosms supplied with filtered lake water. Larval mortality was determined by assessing the 

number of individuals alive in the mesocosms before the start of the post-exposure phase and 
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assessing the number of individuals alive in the mesocosms 1 month later. For all fish alive, fork 

length was measured from digital photographs (Canon EOS 100D) taken at the beginning and 

end of the rearing period and analyzed using ImageJ2 software (Rueden et al. 2017). Wet mass 

of individuals was measured using an analytical balance (± 0.001 g, Thermo Fisher Scientific 

Denver Instrument P-403). Condition factor (CF) was calculated as Fulton’s index (Froese 

2006).  

Larval behaviour was assessed with and without a food stimulus. Behavioural test arenas 

consisted of plastic petri dishes (6 x 6 x 1 cm) filled with filtered lake water. Five larvae were 

placed in each test arena and allowed to acclimate for 10 min. The larvae were then filmed with a 

video camera (Canon HF R800). After regular activity was recorded for 120 s without a food 

stimulus, 1 mL of brine shrimp was introduced to the center of the test arena via transfer pipette, 

and larvae were recorded for an additional 120 s. Using the Behavioural Observation Research 

Interactive Software (BORIS, version 7.9.8, Friard and Gamba 2016), an individual larva in each 

video was assessed for three behavioural metrics: time spent swimming (s), number of burst 

events (sudden increase in velocity), and time spent in the middle of the arena (s). All video tests 

had coded labels so that the individual analyzing behaviour videos was naïve to each treatment. 

Statistical analyses. 

Statistical analyses were performed using R version 3.6.2 (R Core Team, 2020). Model residuals 

were visually assessed to ensure model assumptions for normality and homogeneity were met. If 

a data set did not meet assumptions (e.g., larval swimming activity), data were square root 

transformed. To test the influence of NAFCs on fish, we used generalized linear mixed-effects 

models (GLMMs) to assess the following endpoints: embryonic heart rate, dry mass and 

malformations at hatch; larval growth (mass, length and CF) and larval behaviour (swimming 
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activity, burst events and space use). For all GLMMs, NAFC treatment was treated as a fixed 

effect and replicate was treated as a random effect. We also included mesocosm location and fish 

stocking density (both initial stocking density and final stocking density) as random effects in the 

larval growth models. To assess the influence of NAFC concentration on embryonic and larval 

mortality and hatch viability, we also used generalized linear mixed effects (GLMMs). Mortality 

was treated as a binary response variable, NAFC treatment was treated as a fixed effect and 

replicate was treated as a random effect, and mesocosm location and fish stocking density were 

treated as random effects for larval mortality. Backwards stepwise model selection via pairwise 

ANOVA comparisons was used to reduce the models to their simplest forms. For all endpoint 

analyses, if random effects did not significantly improve the model fit, endpoints were analyzed 

with simplified generalized linear models (GLMs). 

Exposure-response relationships for embryonic mortality, hatch success, heart rate, and 

twitching rate, as well as larval mortality, were modeled using log-logistic (logit) regression with 

the drc package (Ritz et al. 2015), and the bmd package (Jensen et al. 2020) was used to estimate 

the benchmark dose (BMD to the 10th percentile with 95% CI) for NAFCs (Ritz and Streibig 

2005, Jenson et al. 2020). The four-parameter log-logistic function (LL.4) was used in dose-

response models for binary endpoints (embryonic and larval mortality, embryonic hatch 

viability), and three-parameter log-logistic function (LL.3) was used in exposure-response 

models for all other endpoints (embryonic heart rate and twitching rate). Lethal and effective 

concentrations for the 50th percentile (LC50/EC50) with 95% CI were calculated from the logit 

regression models.  

RESULTS  

NAFCs in treatment solutions.  
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Treatment solutions contained low molecular weight compounds of < 22 carbon atoms 

(Figure 2-1a). The dominant structures, comprising >50% of NAFCs detected in treatment 

solutions, were 2-–4-ringed compounds with 3.5–4.5 double bond equivalents (DBE), each 

containing 13–16 carbon atoms. In comparison, control water was composed of 26% non-cyclic 

compounds with 16 carbon atoms and a range of compounds each present < 5% of the total 

composition (Figure 2-1b). This range of compounds was structured with 3.5–7.5 DBE and 9-15 

carbons. Treatment solutions were composed primarily of O2 species (i.e., monocarboxylic acids 

with the general structure CnH2n+ZO2; Table 2-1). The percentage of O2 species increased from 

77% (2.5 mg/L NAFCs) to 95% (≥ 10 mg/L NAFCs) of the class distribution compared to 6% in 

control water (Table 2-1). The proportion of O2 species with DBE of 3.5 and 4.5 were most 

prevalent in all treatment solutions and collectively comprised > 60% of the total proportion of 

O2 species (Appendix C). The class distribution increased to include O3, O5 to O8, N2O2, N2O3, 

N2O6, NO2S and OS2 species as more lake water was present in the sample (Table 2-1). The 

proportion of O3 to O8 species was much higher in control water, which collectively comprised 

75% of the class distribution. Measured NAFC concentration values were approximately half 

that of the NAFC values that were nominally calculated (Figure 2-1c). We suspect there was a 

reduction in sample recovery by ESI-HRMS due to matrix-related ion suppression effects caused 

by the lake water present in the samples, similar to Marentette et al. (2015a); therefore, 

we retained the nominal concentrations values of NAFCs for all subsequent analyses. The 

concentration of NAFC compounds detected in the treatment solutions did not change 

substantially (i.e., degrade) over the 7-day exposure period (Figure 2-1d). 

Exposure phase endpoints. 



25 

 

Embryonic mortality increased significantly with increasing NAFC concentrations 

(GLM, F1,1635 = 521.8, p < 0.001, Figure 2-2a). Mortality of control embryos was 18% on 

average and increased more than 3.7-fold when embryos were exposed to NAFC concentrations 

of 40 mg/L and above. Embryos exposed to the 54 mg/L treatment died between day 1 and 2 of 

exposure (48 to 72 hpf). Embryonic LC50 was 28.5 mg/L of NAFCs (95% CI 26.8 to 30.3 mg/L) 

and the 10% BMD was 22.3 mg/L NAFCs (95% CI 19.4 to 26.4 mg/L).  

Hatch viability of embryos significantly decreased with increasing NAFC concentrations 

(GLM, F1,1635 = 521.8, p < 0.001, Figure 2-2b), with 85% of embryos from controls viable at the 

end of exposure, and a 3-fold reduction in viability following exposure to 29.5 mg/L of NAFCs. 

The EC50 for hatch viability was 30 mg/L NAFCs (95% CI 26.8 to 33.2 mg/L) and the 10% 

BMD was 21.7 mg/L NAFCs (95% CI 16.1 to 27.4 mg/L). 

Embryonic heart rate was reduced as a function of exposure to increasing NAFC 

concentrations (GLM, F1,65= 74.4, p < 0.001, Figure 2-2c). At 96 hpf, the average heart rate of 

control embryos was 158 ± 7 beats/min, whereas heart rate of embryos exposed to NAFCs was 

reduced by up to 24% in 40 mg/L NAFCs. The 10% BMD for heart rate was 18.6 mg/L NAFCs 

(95% CI 11.1 to 26.1 mg/L).  

Twitching rate of newly hatched sac fry increased significantly with increasing NAFC 

concentrations (GLM, F1,55= 52.1, p < 0.001, Figure 2-2d). The average twitching rate of control 

embryos ranged from 3-79 twitches per min, and this increased by up to 7.7-fold in the 29.5 

mg/L treatment. In addition, twitches of fish from the 21 mg/L and 29.5 mg/L treatments were 

characterized by repetitive, circular movements that did not propel the individual forward, but 

rather led to loss of equilibrium.  
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Average dry mass of newly hatched sac fry increased significantly with increasing NAFC 

concentrations (GLM, F1,17 = 17.56, p < 0.001, Figure 2-2e). Hatched fish from controls weighed 

8.9 μg on average, and hatched fish from the 29.5 mg/L NAFC treatment were 5-fold larger.  

The prevalence and severity of malformations consistently increased as a function of 

increasing NAFC concentrations (GLM, F1,16 = 20.1, p < 0.001, Figure 2-3a). At hatch, 77% of 

control fish had an SI score of 0, indicating normal development. The proportion of 

malformations increased 4.8- to 8-fold across indices following exposure to 21 mg/L of NAFCs, 

which was the highest treatment assessed for malformations due to nearly 100% mortality in the 

29.5, 40 and 54 mg/L treatments. Almost half of the fish that hatched in the 21 mg/L treatment 

(the highest exposure concentration with surviving larvae) had an SI score in the moderate to 

high severity range, with severe pericardial edemas being the most prevalent malformation (47% 

of malformed fish, Figure 2-3b) and with spinal curvatures (kyphosis, lordosis and bent) present 

at high severity in 20% of these fish (Figure 2-3c). Severely underdeveloped craniofacial 

structures including the head and jaw were observed in 28% of fish from the 21 mg/L treatment, 

while another 15% exhibited moderate craniofacial malformations (Figure 2-3d), and fluid 

accumulations around the yolk sac (peritoneal edemas) were present at high severity in 15% of 

these fish (Figure 2-3e). Control fish that were malformed (19%) had SI scores in the mild 

severity range, with relatively few fish (4%) exhibiting severe pericardial edemas.  

Post-exposure phase endpoints.  

Larval fish raised in clean water were less likely to survive the 1 month rearing period if 

they were exposed to NAFCs as embryos (GLM, F1,425 = 12.3, p < 0.001, Figure 2-4a). 

Following a dose response pattern, mortality rate of larval fish increased with NAFC 
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concentration. Mortality in control mesocosms was 8.4 ± 5.1%, but in treatment fish was up to 

2.5-fold higher. The 10% BMD was 7.1 mg/L NAFCs (95% CI 0 to 16 mg/L). 

Larval behaviours when a food stimulus was added to the test arena were altered by 

embryonic NAFC exposure, as evidenced by a decrease in swimming time (Figure 2-4c; GLM, 

F1,49 = 5.33, p < 0.05) and increased frequency of burst swims (Figure 2-4b; GLM, F1,49 = 7.98, p 

< 0.01). Fish in the 21 mg/L treatment demonstrated an average 8% decrease in swimming time 

compared to controls, but in one test we observed a decrease of 45% compared to controls. In 

addition, fish in the 21 mg/L treatment demonstrated a 36% increase in burst frequency relative 

to controls. Space use did not vary significantly between treatment groups (Figure 2-4d; GLM, 

F1,48 = 2.50, p > 0.05). 

Embryonic NAFC exposure did not significantly affect larval length (Appendix D; 

GLMM, F1, 382 =19.6, p > 0.05), mass (GLMM, F1,382 = 43.7, p > 0.05), or condition factor 

(GLMM, F1,382 = 12.6, p > 0.05).  

DISCUSSION  

Embryonic exposure to NAFCs resulted in decreased embryonic survival and hatch 

viability. It also resulted in increased malformations, locomotory impairments, and mass at hatch 

in exposed fathead minnows, supporting our first hypothesis. Furthermore, embryonic exposure 

to NAFCs had persistent adverse effects on larval fish survival and behaviour after 1 month of 

rearing in filtered lake water, supporting our second hypothesis. These findings highlight the 

relevance and importance of studies extending beyond embryonic NAFC exposures to increase 

our understanding of the implications of releasing OSPW into natural environments. 

Embryonic NAFC exposure increases embryonic and larval mortality.  
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 Under semi-natural field conditions, both embryonic and larval mortality of fathead 

minnows increased with increasing NAFC exposure concentrations. These findings differ from 

previous laboratory-based studies that reported embryonic exposure to NAFCs or OSPW in 

general did not affect larval mortality at 16 (Marentette et al. 2015a), 28 or 56 days post-hatch 

(Siwik et al. 2000). The immediate toxicity of NAFCs on fish is generally accepted to be a result 

of acute narcosis (Frank et al. 2009), which is a nonspecific mode of action in which a 

hydrophobic compound disrupts the cellular membrane by entering the lipid bilayer and can 

result in cell death (Schultz 1989). The mechanism for NAFC toxicity persisting into the larval 

stage and causing increased larval mortality is not clear. In the present study, the prevalence and 

severity of malformations at hatch increased as a function of NAFC concentration, with 

pericardial edemas being the most observed malformation among fish. These findings are 

consistent with previous studies that found similar cardiac malformations in fish exposed to 

NAFCs during early life development (Peters et al. 2007; Marentette et al. 2015ab; Madison et 

al. 2020).  

There are several possible mechanisms by which NAFC exposure causes malformations 

in embryos, and later mortality in larvae. First, restricted blood flow to tissues due to cardiac 

dysfunction could cause malformations at hatch. Fish exposed to commercial NAs show heart 

development problems and poor blood circulation, followed by the onset of malformations at 

hatch (Peters et al 2007), suggesting that any morphological defects are secondary to impaired 

blood circulation (Incardona et al. 2015). Second, reactive metabolites could be damaging cells 

and endogenous molecules within the embryo, thereby impairing normal development. The 

metabolism of aromatic hydrocarbons via the aryl-hydrocarbon receptor (AhR) pathway can 

create reactive intermediates that can damage DNA, cause lipid and protein degradation, and are 
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associated with a suite of physical malformations at hatch (Brown et al. 2015). Marentette et al. 

(2017) reported altered expression levels of genes involved in the AhR and oxidative stress 

pathway in walleye (Sander vitreus) embryos exposed to NAFCs, suggesting that NAFC-induced 

malformations are AhR-dependent. Third, NAFCs could be altering or dysregulating genetic 

expression in embryos during organogenesis, which could lead to altered embryonic 

development. Transcriptome profiling of fathead minnow embryos exposed to NAFCs has 

shown altered expression of gene structures involved in skeletal development, bone formation 

and arteriogenesis, among other pathways (Loughery et al. 2019). Additionally, Loughery et al. 

(2019) showed that fish embryos exposed to NAFCs have altered gene networks involved in 

Ca2+ ion regulation. Ca2+ regulation is critical for muscle function, thus altered Ca2+ handling 

could impair cardiac function during embryonic development. This impaired cardiac function 

most likely then leads to the observed cardiac abnormalities at hatch. 

It is possible that these mechanisms producing cardiovascular toxicity subsequently 

persisted into the larval stage, with the result of decreasing larval survival. Several studies have 

demonstrated that impairment to heart development can have lasting effects on fish into 

adulthood. Hicken et al. (2011) showed that embryonic exposure to crude oil caused sub-lethal 

cardiotoxicity, altering heart morphology and reducing swim performance in fish after 1 year of 

being reared in clean water. Similarly, Incardona et al. (2015) found that embryonic exposure to 

crude oil causes both structural and functional changes in fish hearts that impair 

cardiorespiratory performance in adulthood. Should the impaired heart development that we 

observed in fish embryos persist into later life stages, cardiovascular function and swimming 

performance essential for fish survival could be hindered. Though the exact mechanisms are still 
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unclear, it is apparent that exposure to NAFCs impairs embryonic development in fish and may 

have lasting effects on fish survival. 

Embryonic NAFC exposure does not affect larval growth.  

Though embryonic mass increased with increasing NAFC exposure, NAFC exposure did 

not affect larval growth. Rather, variation in rearing densities between treatments (Appendix D) 

were associated with differences in larval growth. Similar to Smith et al. (1978), lower fish 

densities could contribute to the increased growth that we observed in treatments of higher 

NAFC concentrations. The current literature on the effect of NAFC exposure on subsequent fish 

size is equivocal. While some studies reported increased size at hatch following embryonic 

OSPW exposure (Siwik et al. 2000), others found reductions in size (Peters et al. 2007; He et al. 

2012), while yet others reported no effect on size (Marentette et al. 2015a; Bauer et al. 2019). 

Studies involving fish in later life stages also show equivocal growth pattern results. Kavanagh et 

al. (2013) found that fathead minnows in OSPW ponds either did not change in size relative to 

reference ponds or were larger depending on the season. Similarly, Siwik et al. (2000) found no 

difference in fish growth at 28 or 56 days after OSPW exposure, although their OSPW-exposed 

larvae were larger after 7 days. Fish growth is an integrative process that accounts for changes in 

a multitude of biotic and abiotic factors including population density, food abundance, and 

temperature (Siwik et al. 2000), which may explain the complexity of assessing fish growth as a 

metric of contaminant exposure. In the current study, variations in stocking density between 

rearing mesocosms had more influence on larval fish growth than did embryonic NAFC 

exposure. 

Embryonic NAFC exposure alters embryonic and larval activity. 
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Both newly hatched embryos and 1 month old larvae showed increased activity with 

increasing NAFC exposure concentrations. This finding indicates that exposure to different 

NAFC concentrations that affect post-hatch activity can also induce persistent effects on fish 

activity during the larval stage, and possibly beyond. These behavioural changes are important as 

larvae displayed changes in behaviour a month after removal from NAFC exposure, indicating 

that embryonic exposure to NAFCs has lasting effects on fathead minnow development that 

affect fish behaviour in later life stages. This is the first study to show that embryonic NAFC 

exposure can alter larval fish behaviour, and thus serves as an important consideration for 

evaluating the effects of NAFCs in aquatic ecosystems.  

Although the observed changes in larval behaviour are most likely due to persisting 

effects of NAFC exposure disrupting embryonic development, the mechanism for these 

persistent changes is not clear. Chemical contaminants can alter fish behaviour in multiple ways, 

including changes in sensory or motor functions in fish. One potential mechanism of toxicity 

may be the persistent effects of disrupted embryonic cardiovascular development on larval 

activity. In the present study, embryos exposed to NAFCs showed decreases in average heart rate 

at hatch, which has been previously reported in other fish early-life stage NAFC exposure 

experiments (e.g., Marentette et al. 2015a). Cardiovascular toxicity has also been observed in 

fish embryos exposed to other petrochemicals such as polycyclic aromatic compounds (PACs) 

derived from crude oil. Studies have reported the onset of abnormal heart rhythms followed by 

embryonic lethality or severe developmental effects following exposure to PACs (Incardona et 

al. 2009). Fish embryos exposed to NAFCs may be experiencing reduced heart contractility 

because of inhibited cardiac development and function. Recent studies have shown that fish 

embryos exposed to OSPW and NAFC extracts display altered gene networks involved in 
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cardiomyocyte differentiation and calcium ion homeostasis within the developing heart (Philibert 

et al. 2019; Loughery et al. 2019). Calcium ions play a critical role in regulating heart 

contractility and altered heart contractility during embryonic development can lead to defective 

cardiac morphogenesis or cardiac failure in more severe cases (Andrés-Delgado and Mercader 

2016). Morphological defects such as tube-shaped hearts have been observed in fish exposed to 

commercial NAs (Peters et al. 2007), NAFCs (Marentette et al. 2015ab; Madison et al. 2020), 

and OSPW sediments (Vignet et al. 2019). If these impairments to embryonic heart development 

affect swimming activity in later life stages, as previously reported in studies involving PACs 

and crude oil (Hicken et al. 2011; Incardona et al. 2015; Brown et al. 2017), they could explain 

the observed changes in larval activity.  

The observed changes in post-hatch locomotor activity could be attributed to disrupted 

neurophysiological function from acute NAFC-induced narcosis (Sharma 2019). Compounds 

that disrupt cell membrane integrity can interfere with nerve functioning (van Wezel and 

Opperhuizen 1995). NAFCs have been found to disrupt cell membranes via narcosis (Frank et al. 

2009), and thus may have contributed to the changes in embryonic activity through this 

mechanism. One study showed that PACs, another family of compounds that can disrupt cell 

membranes, disrupted dopaminergic and serotonergic systems in the brain, causing increased 

neurotransmitter turnover and altered stress responses in fish (Gesto et al. 2009). These 

behavioural changes are important since impairments to nerve function could render exposed fish 

unable to swim away from a potential release of treated OSPW within natural ecosystems. 

The observed changes in larval behaviour, namely decreased swimming and increased 

burst events, are indicative of freezing and darting behaviours (Cachat et al. 2010). Our findings 

are similar to Philibert et al. (2019), who found embryonic exposure to OSPW altered larval 
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activity levels and anxiety behaviours in adult fish, and moreover, these altered behaviours were 

transgenerational. It has been theorized that embryonic stress following contaminant exposure 

can alter levels of glucocorticoid; hormones that have effects on embryonic survival, the 

induction of metabolic genes, and initiating long-term behavioural pattern programming (Sloman 

2010; Chatzopoulou et al. 2015). Potentially, changes in behaviour that persist beyond 

embryonic contaminant exposure may be due to altered stress hormones during early-life 

development. However, testing this hypothesis is outside the scope of this project and requires 

further research. Nonetheless, the observed changes in fish activity may have great ecological 

importance, as changes in small-scale activity can alter encounter rates with food, resources, 

mates, and predators (Saaristo et al. 2018). If fish embryos are exposed to stressors such as 

OSPW-derived NAFCs during development, they may experience lasting effects on fish survival 

and behaviour beyond the changes in larvae that we observed.  

Our findings highlight that embryonic exposure to NAFCs impairs fish survival and 

development, and subsequently, these embryonic exposures impair larval fish survival and 

behaviour. Changes in fish development and behaviour may have important implications if fish 

are exposed to NAFCs in the Canadian oil sands region. We showed that exposure to 28 to 30 

mg/L NAFCs causes a 50% reduction in survival and hatch viability in embryonic fish. As well, 

we found that exposure to 21 mg/L NAFCs has persistent adverse effects on larval survival and 

behaviours that could influence fish survival. Even a small variation in mortality can have major 

impacts on fish recruitment (Scott and Sloman 2004). Thus, if fish are exposed to NAFCs 

following the release of OSPW in natural ecosystems, these exposures could impair fish 

recruitment and populations in the Canadian oil sands region.  

CONCLUSION 
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In Canada, a new framework for oil sands tailings management will now permit OSPW 

release into natural surface waters once it is deemed to be in a ready-to-release state 

(Government of Alberta 2015; Alberta Energy Regulator 2017). The specific criteria for “ready-

to-release" OSPW should be informed by threshold NAFC concentrations, but these safe release 

limits have yet to be defined by the Canadian Council of Ministers of the Environment 

(Canadian Environmental Quality Guidelines 2020). Evidence-informed decisions regarding 

tailings pond management require more research on the effects of NAFCs on aquatic wildlife 

including fishes, particularly studies on sub-lethal effects that could persist throughout life 

histories. In our study, two main findings emerged that are important for understanding the 

persistent effects of NAFCs on fish. First, we found that embryonic exposure to NAFCs impairs 

fish embryonic development and later was associated with decreased larval survival. Second, our 

study is the first to demonstrate that embryonic NAFC exposure alters larval fish behaviour, a 

novel finding with important implications for the survival and performance of fish exposed to 

sub-lethal NAFC concentrations. Our findings point towards the potential for early life exposures 

to sub-lethal NAFC concentrations to induce persistent effects on the fitness of fish through 

altered survival and behavioural patterns later in life. However, more research is required to 

understand these long-term implications. Findings from our study are pertinent for developing 

evidence-informed decisions regarding planned OSPW releases, as studies extending beyond 

embryonic exposures must be considered to fully understand the ecological impacts of releasing 

OSPW and NAFCs in the Canadian oil sands region.  
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Table 2-1. Chemical class distributions of eight naphthenic acid fraction component (NAFC) 

treatment solutions and one control (filtered lake water). Data shown are from samples collected 

on the first day of the experiment, as abundance of chemical classes did not change by more than 

±0.3 in all samples by the end of exposure.  

Class 

Class Distribution (%) 

Control  
Treatments -Nominal NAFC concentration (mg/L)  

2.5  6.5  10  14.5  21  30  40  54  

N2  1.13  0.19  0.22  0.21  0.22  0.34  0.37  0.47  0.34  

O  0.95  1.33  0.83  0.54  0.74  0.49  0.51  0.58  0.46  

O2  6.03  77.1  93.9  95.8  93.4  94.3  94.3  94.8  94.8  

O2S  1.14  1.75  2.28  2.36  2.55  2.55  2.75  2.21  2.41  

O4  11.5  1.31  0.46  1.89  1.89  1.67  1.69  1.31  1.43  

S2  0.11  -  -  0.18  1.21  0.63  0.34  0.71  0.54  

O3  6.87  1.31  0.11  -  -  -  -  -  -  

O6  18.4  3.44  0.46  -  -  -  -  -  -  

N2O2  2.75  0.11  -  -  -  -  -  -  -  

N2O3  0.14  0.24  -  -  -  -  -  -  -  

N2O6  0.08  1.75  -  -  -  -  -  -  -  

NO2S  0.06  0.08  -  -  -  -  -  -  -  

O5  15.9  4.33  -  -  -  -  -  -  -  

O7  13.65  4.95  -  -  -  -  -  -  -  

O8  8.18  3.49  -  -  -  -  -  -  -  

OS2  0.17  0.09  -  -  -  -  -  -  -  

N  0.06  -  -  -  -  -  -  -  -  

N2O  0.29  -  -  -  -  -  -  -  -  

N2O4  0.29  -  -  -  -  -  -  -  -  
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N2O5  0.07  -  -  -  -  -  -  -  -  

N3OS  0.13  -  -  -  -  -  -  -  -  

N3S  0.18  -  -  -  -  -  -  -  -  

NO2  0.08  -  -  -  -  -  -  -  -  

NO3  0.50  -  -  -  -  -  -  -  -  

NO4  0.51  -  -  -  -  -  -  -  -  

NO5   0.58  -  -  -  -  -  -  -  -  

NO6  0.40  -  -  -  -  -  -  -  -  

NO7  0.20  -  -  -  -  -  -  -  -  

NO8  0.05  -  -  -  -  -  -  -  -  

O10  1.25  -  -  -  -  -  -  -  -  

O2S2  0.22  -  -  -  -  -  -  -  -  

O3S  1.45  -  -  -  -  -  -  -  -  

O3S2  0.36  -  -  -  -  -  -  -  -  

O9  3.42  -  -  -  -  -  -  -  -  

OS  0.38  -  -  -  -  -  -  -  -  

OS4  0.14  -  -  -  -  -  -  -  -  

S3  2.04  -  -  -  -  -  -  -  -  
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Figure 2-1. Chemical analysis for naphthenic acid fraction components (NAFCs) measured in 

semi-natural microcosms throughout the 7-day embryonic exposure. Percentage abundance of 

compounds by size for a representative NAFC sample from the highest concentration NAFC 

solution (a; nominal 54 mg/L NAFCs) and the control (b; filtered lake water). The size of 

compounds is represented as the number of double bond equivalents (1.5 to 8.5) and number of 

carbons present (7 to 20). Samples shown here were collected on the first day of exposure and 

did not change in percent abundance by more than ±0.3 in any sample by the end of exposure. 

Relationship between nominal and measure NAFC concentrations in microcosms throughout the 

exposure period (c); diagonal dashed line indicates 1:1 relationship. Line of best fit for measured 

vs nominal NAFC concentrations is y= (0.38)x + 0.74. Temporal trends in NAFC concentrations 

(d); vertical dashed lines indicate dates when NAFC solution was added to microcosms.  
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Figure 2-2. Embryonic mortality (a), hatch viability (b), heart rate at 96 hours post fertilization 

(c), body twitching rate at hatch (d), and mass at hatch (e) as functions of exposure to nominal 

concentrations of naphthenic acid fraction components (NAFCs). Solid lines represent the line of 

best fit, grey areas are the ± 95 % CI, and each circle represents one replicate microcosm.  
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Figure 2-3. Percent malformations at hatch following a 7-d exposure to nominal concentrations 

of naphthenic acid fraction components (NAFCs). Total (a); cardiovascular, including pericardial 

edema and hemorrhaging (b); myoskeletal, specifically spinal curvatures (c); craniofacial, 

including altered head, eye and jaw development (d); peritoneal, specifically yolk sac edema (e). 

Malformations for each index are further categorized as mild, moderate, or severe, based on the 

severity of the malformation. Images show representations of each malformation, scored from 0-

3 in order of increasing severity (0 no malformation, 3 severe). Data and images from higher 

concentration treatments (>21 mg/L NAFCs) are excluded due to high mortality.  

  



40 

 

 

Figure 2-4. Post-embryonic exposure phase larval mortality (a; grey areas represent ± 95 % CI, 

each point represents one replicate microcosm) and behavioural responses to a food stimulus, 

including burst events (b), swim duration (c) and duration in the middle of the arena (d) as 

functions of nominal concentrations of naphthenic acid fraction components (NAFCs). Points 

and error bars (b-d) are means ± SD. 
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Chapter 3.  

Naphthenic acid fraction components alter swimming activity and anti-predator behaviour 

of juvenile yellow perch. 

ABSTRACT 

 Our study evaluated whether exposure to organic compounds extracted from oil sands 

process affected waters (OSPW) have adverse effects on fish behaviour, including swim 

behaviour, foraging behaviour, and antipredator behaviour. Following a before-after control-

impact study design, we housed juvenile yellow perch (Perca flavescens) in outdoor mesocosms 

containing lake water for 1 week and assessed baseline swimming behaviour. We then exposed 

fish to environmentally relevant concentrations (2 and 15 mg/L) of naphthenic acid fraction 

components (NAFCs) for an additional week and monitored the fish for changes in behaviour 

before and after NAFC addition. We found that NAFC exposure decreased fish survival by an 

average of 55% and impaired fish equilibrium following the addition of 15 mg/L NAFCs to 

mesocosms. In all behaviour tests, equilibrium losses were exclusively observed in fish exposed 

to 15 mg/L NAFC treatment. In addition, NAFC exposure impaired antipredator behaviour in 

fish. Whereas activity of control fish increased by 2-fold in response to a predator stimulus, fish 

exposed to 2 mg/L and 15 mg/L NAFCs did not change their level of activity following a 

predator stimulus. Our findings show that NAFC exposure can have both lethal and sub-lethal 

adverse effects on fish behaviour that affect their survival and performance. To our knowledge, 

this is the first study to investigate the effects of NAFCs on antipredator behaviour in fish. Our 

findings are pertinent for developing evidence-informed decisions regarding planned OSPW 

releases, as understanding the sub-lethal effects of NAFCs on fish is vital for establishing 

policies that protect aquatic species in the Canadian oil sands region.  
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INTRODUCTION 

Covering over 140,000 km2, the oil sands regions of Alberta, Canada, encompass the 

largest reserve of bitumen in the world (Allen 2008). Extracting bitumen from oil sands is a 

water-intensive process, producing large volumes of fluid tailings. These fluid tailings typically 

comprise 70 to 80% water, 20 to 30% solids such as clay, silt, and sand, and about 1 to 3% 

residual bitumen (Allen 2008). The water portion of these tailings, which becomes separated 

from the suspended solids after settling in tailings ponds, is called oil sands process-affected 

water (OSPW). Water withdrawn from tailings ponds is repeatedly used for bitumen extraction, 

causing OSPW to become concentrated with salts, metals, residual bitumen, and organic 

compounds such as polycyclic aromatic compounds (PACs) and naphthenic acids (NAs) (Allen 

2008). Because industrial operators are not currently permitted to discharge OSPW back into the 

Athabasca River, OSPW is currently being stored in on-site tailing ponds that cover an area of 

about 130 km2 (Alberta Energy Regulator 2021). To reduce the liability of long-term storage in 

tailings ponds, there are now plans for controlled discharges of OSPW into surrounding 

environments (Government of Alberta 2015; Martin 2015; Alberta Energy Regulator 2017), 

including the Athabasca River, which is a major freshwater river in Alberta. As OSPW is toxic to 

a variety of organisms (Li et al. 2017), safe-release guidelines for OSPW contaminants must be 

established to inform treatment policies before the release of OSPW into aquatic ecosystems. 

The fraction of OSPW that is of particular concern contains naphthenic acid fraction 

components (NAFCs), which constitute the majority of OSPW toxicity (Morandi et al. 2015). 

NAFCs are an acid extractable organic fraction of OSPW characterized by the general formula 

CnH2n+zO2, where n represents the carbon number and Z represents the number of hydrogen 

atoms lost to a ring structure or double bond (Richardson and Ternes 2018). The term NAFC 

includes classical NAs as well as more complex structures that contain three or more oxygen-
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atoms, sulphur and nitrogen heteroatoms (Rowland et al. 2011). NAFCs have been shown to 

cause several toxic effects to fish, including increased mortality and decreased hatch success 

(Marentette et al. 2015ab; Madison et al. 2020; Chapter 2), increased developmental 

malformations (Marentette et al. 2015ab; Loughery et al. 2019; Madison et al. 2020; Chapter 2), 

decreased heart rates (Marentette et al. 2015ab; Chapter 2), and impaired reproduction 

(Kavanagh et al. 2012). However, little is currently known about the sub-lethal effects of NAFCs 

on fish. Concentrations of NAFCs range from 5 to 40 mg/L in reclamation ponds (Anderson et 

al. 2012; Kavanagh et al. 2012, 2013) and groundwater (Huang et al. 2018), and 20 to 80 mg/L 

in fresh tailings (Mahaffey and Dube 2016). NAFCs are highly persistent in the environment and 

can remain in tailings ponds for decades (Marentette et al. 2015a; Kavanagh et al. 2012), making 

them of high importance for treatment processes before OSPW is released from tailings ponds. 

Yet, water quality guidelines for NAFCs for the protection of aquatic life have yet to be defined 

by the Canadian Council of Ministers of the Environment (CCME) or the Federal Environmental 

Quality Guidelines (FEQG), though NAs are currently under development to be listed on the 

FEGQ (CCME 2020; FEGQ 2021).  

An important sub-lethal endpoint for assessing the lasting toxicity of NAFCs on fish is 

behaviour. Traditionally, regulatory guidelines for pollutants in aquatic ecosystems have been 

based on acute lethality tests such as the LC50 (e.g. EPA 2001), and occasionally include chronic 

guidelines impacts on development, growth, and reproduction (Scott and Sloman 2004). More 

recently, there is increasing evidence that environmental risk assessment does not effectively 

utilize behavioural data to evaluate the environmental impacts of pollutants (Agerstrand et al. 

2020). Behavioural endpoints can indicate a link between physiological processes and population 

level effects and can be altered by several factors, including hormonal mechanisms, neural 
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mechanisms, and external stimuli (Zala and Penn 2004; Saaristo et al. 2018). As such, 

behavioural changes can be used to assess sensitive, sub-lethal responses to cues from the 

environment (Scott and Slowman 2004). In addition, changes in behaviour have immediate 

consequences for fitness, including changes in growth, reproduction, and survival (Brodin and 

Johansson 2004; Smith and Blumstein 2008). These changes in individual fitness can have 

important consequences for population dynamics and the functioning of ecosystems as a whole 

(Ford et al. 2021). Thus, contaminants in OSPW that alter fish behaviour could have ecologically 

important effects that influence fish populations, and subsequently, the functioning of aquatic 

systems in the Canadian oil sands region.  

Though the mechanisms by which OSPW and NAFCs may affect behaviour are not clear, 

chemical contaminants are known to alter fish activity in several ways. Disruption of the 

endocrine or chemosensory functions in fish may interfere with complex behaviours by making 

fish less active or by inhibiting their ability to detect stimuli (Saaristo et al. 2018). Both NAFC 

and OSPW exposure have been shown to disrupt endocrine and chemosensory pathways and 

thus may influence behaviour through these mechanisms (Kavanagh et al. 2012; Lari and Pyle 

2017). In addition, differences in activity levels could also be attributed to changes in metabolic 

rate following NAFC exposure. Fish metabolism is influenced by the integration of several 

physiological functions and is associated with fish behaviour, and thus disruption of normal 

metabolic processes may have substantial influences on normal behaviour (Scott and Sloman 

2004). An important receptor involved in the metabolism of aromatic hydrocarbons, which 

include NAFCs, is the ligand-dependent transcription factor, the aryl-hydrocarbon receptor 

(AhR). NAFCs may by agonists of the AhR and thus influence fish metabolism in an AhR-

dependent manner. One study profiled the transcriptome of fish following embryonic exposure to 
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NAFCs and found that gene networks involved in xenobiotic metabolism, drug metabolism, and 

xenobiotic clearance are most affected by NAFCs (Loughery et al. 2019). Marentette et al. 

(2017) found elevated levels of cyp1a1 mRNA transcripts in walleye embryos exposed to fresh 

NAFCs, suggesting that NAFC toxicity occurs by AhR-mediated metabolism. As complex 

behaviour changes in fish are often altered through interfering with a combination of 

physiological systems, NAFCs may affect fish through several different mechanisms. 

Despite the consequences that changing behaviour can have on fish populations, only a 

limited number of studies have examined the effects of OSPW contaminants on fish behaviour. 

Studies investigating olfactory responses of rainbow trout found that fish can smell and avoid 

minute concentrations of OSPW in water (Lari and Pyle 2017; Reichert et al. 2017). In addition, 

these studies found that fish olfaction is impaired if they are exposed to OSPW and are unable to 

escape (Lari and Pyle 2017; Reichert et al. 2017). While investigating the effects of OSPW on 

fish, Philibert et al. (2019) found that embryonic exposure to OSPW caused decreased activity, 

swim speed, and alarm responses in fish. Moreover, changes in behaviour were transgenerational 

(Philibert et al. 2019). Similarly, in Chapter 2 we found that embryonic exposure to NAFCs leads 

to changes in fish swimming activity in the larval stage, including decreased swim activity and 

increased darting behaviour.    

As altered behaviour due to contaminant exposure can have significant impacts on fish 

fitness that can manifest in population level effects, it is vital to understand if NAFCs affect fish 

behaviours needed for survival. The aim of the present study was to investigate the effects of 

NAFCs on behaviour in juvenile yellow perch (Perca flavescens). Yellow perch is a common 

sport fish found in the Athabasca River, its tributaries, and surrounding lakes (Wallace and 

McCart 1984). We hypothesized that NAFCs alter swim behaviour, impair antipredator 
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behaviour, and inhibit foraging behaviour in yellow perch. Typical anti-predator behaviour in 

juvenile yellow perch includes increased shoal cohesion, increased freezing responses, decreased 

time in motion, increased latency to feeding and decreased feeding attempts (Mizra and Chivers 

2001; Mizra et al. 2003; Harvey and Brown 2004). Thus, we predicted that fish exposed to 

NAFCs show decreased shoal cohesion, decreased freezing, and decreased swimming activity 

when responding to a predator stimulus or a food stimulus. To our knowledge, this is the first 

study to investigate the effects of OSPW-derived NAFCs on juvenile fish behaviour, and thus 

findings from our study can be used to create evidence-informed policy regarding the treatment 

and management of NAFCs in OSPW tailings ponds.   

METHODS 

Experimental overview 

The experiment was conducted at the QE3 Living Laboratory, an outdoor experimental 

ecotoxicology facility on the property of the Queen’s University’s Biological Station (QUBS) 

near Elgin, Ontario, Canada. In early September, juvenile yellow perch were collected from 

Warner Lake (9.2 ha, mean depth 2.9 m, max depth 6.4 m, 44°33'55" N 76°19'35" W) using 

minnow traps (Gee; 42 x19 cm, 6.4 mm square galvanized mesh). Captured fish were placed into 

16 L holding containers filled with lake water and transported to shore where they were 

transferred to aerated holding tanks (300 L). Only fish of similar size (± 20% mean body mass) 

were selected to reduce inter-individual variations in other measures (OECD 2013). On average, 

fish weighed 6.3 g ± 1.2 and were 6.9 cm ± 0.7 in length, and fish size did not change 

significantly between the start and end of the experiment. All animal procurement and 

experimental procedures were carried out under approval of the Queen’s University Animal Care 

Committee (Orihel 2020-1829). 
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Sixty fish were transferred to outdoor mesocosms (91 cm height x 75 cm diameter, 5 fish 

per mesocosm) and acclimatized for 4 days to ensure fish were not affected by handling stress 

(Figure 3-1). The mesocosms (n = 12) were lined with food-grade polyethylene plastic bags and 

filled with 60 L of filtered water from Warner Lake (Figure 3-1c). Fish were fed ad libitum daily 

with frozen brine shrimp (Artemia spp.) delivered through a plastic tube to reduce disturbance 

and habituate fish for food stimulus tests. Water temperature, pH, dissolved oxygen (DO), 

conductivity, salinity, and ammonia levels in the mesocosms were measured daily using Hana 

(H198129) and Hach meters (HQ40d), and ammonia test strips (API). Light intensity and 

temperature were continuously monitored using HOBO data loggers (Onert, Bourne, 

Massachusetts, USA). All water parameters remained within the recommended ranges for 

freshwater fish throughout the experiment (Appendix E; OECD 2013). 

Following a Before-After-Control-Impact (BACI) study design (Underwood 1993), 

acclimatized fish were held in clean lake water for one week (hereafter, baseline phase), then 

exposed to NAFC for a second week (hereafter, exposure phase) (Figure 3-1a). The experiment 

involved three treatments (negative control, 2 mg/L NAFC, and 15 mg/L NAFC), with four 

replicates per treatment distributed in the study area in a random block design (Figure 3-1b). 

Throughout the experiment, we monitored fish daily for mortality. All fish were weighed 

(Thermo Fisher Scientific Denver Instrument P-403, ± 0.001 g) and photographed (Canon EOS 

100D) at the beginning (day 0) and end of the experiment (day 12; Figure 3-1a). Photographs 

were later analyzed using ImageJ2 software to determine fork length (Rueden et al. 2017).  

Preparation of NAFCs 

 Approximately 2000 L of fresh OSPW was collected in 2011 from an active tailings 

pond in the Canadian oil sands region (Industry “A”; Marentette et al. 2015a). Total NAFCs 
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were extracted and purified from this sample as described by Frank et al. (2006). This extract has 

previously been investigated for embryo-larval toxicity to fathead minnow and walleye (Sander 

vitreus), acute toxicity to three aquatic invertebrates and chemically compared to commercial 

NA mixtures (Marentette et al. 2015a, b; Bartlett et al. 2017). The concentration of the extract 

was 2636 mg/L of total NAFCs, measured via negative-ion electrospray ionization high 

resolution mass spectrometry (ESI-HRMS, Orbitrap), using a similar method as Headley et al. 

(2013). The extract was stored in darkness at 4 °C until it was nominally diluted with lake water 

to concentrations of 2 and 15 mg/L for the experiment. The initial pH of the NAFC treatments 

ranged from 8.7 to 10.0 and was adjusted to 8.0 ± 0.1 using 0.1 M hydrochloric acid. As the 

NAFCs were added on day 6 of the experiment, water samples of each treatment and the control 

were collected on day 6 (2 hours after NAFC addition), 9 and 12 of the exposure phase and 

stored in 250 mL amber glass bottles at 4 °C.  

No stimulus test 

To assess changes in swim activity, fish were filmed in their 60 L exposure mesocosms 

for 4 min in the absence of an introduced stimulus. Videos of regular swim behaviour were 

recorded in the late morning (9-11 am) during the baseline (day 5) and exposure (day 11) phases.  

Food stimulus test 

To assess changes in foraging activity, fish were filmed in their 60 L exposure 

mesocosms on day 11 of the experiment. Fish were filmed for 4 min before the food stimulus 

was introduced (pre-stimulus period) and for an additional 4 min after the food stimulus was 

introduced (post-stimulus period). The food stimulus consisted of an injection of frozen brine 

shrimp (2 g) delivered through a plastic tube in the same manner that food was delivered to fish 

throughout the entire experiment.  
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Predator stimulus test 

To assess changes in antipredator behaviour, fish were transferred from exposure 

mesocosms into 60 L cylindrical test tanks at the end of the exposure phase (day 12). Fish were 

acclimatized in the test tanks for 10 min, then filmed from above for 4 min before the predator 

stimulus was introduced (pre-stimulus period) and for an additional 4 min after the predator 

stimulus was introduced (post-stimulus period). The predator stimulus was a model bird head 

resembling the great blue heron (Ardea herodias), a local species that preys on yellow perch. The 

model was mounted on a rod, introduced at the center of the test tank in a downward motion to 

strike the bottom of the tank, and then immediately retracted.  

Behavioural endpoints  

 During each behavioural test, fish were filmed (using overhead-mounted digital cameras, 

Canon HF R800) in either their 60 L exposure mesocosms or in 60 L cylindrical test tanks. 

Videos were reviewed with the display overlain with an 11x11 grid, where grid width was 

approximately one fish body length (Appendix F). During each behaviour test, we tracked the 

fish continuously to record number of equilibrium losses (underbelly of a fish was visible); 

activity, indicated by the number of grid lines crossed; shoaling activity, indicated by a shoaling 

score (see below); number of burst swim events (sudden increase in velocity); total time spent 

frozen (seconds); and space use, indicated by a space use score (see below). Equilibrium losses, 

activity, burst events, and time spent frozen were all tracked continuously for all fish within a 

replicate.  

Shoaling activity and space use were assessed every 15 s during behavioural tests as per 

previous experiments (Mathis and Smith 1993; Chivers and Smith 1995). Fish were scored for a 

shoaling index (SI), indicating degree of shoal cohesiveness. Scores ranged from 1 to 5 with 1 = 
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all fish were at least one body length away from their nearest neighbour and 5 = all five fish were 

within one body length of each other. Space use was assessed with the grid overlay divided into 

two equal zones encompassing the center and outer perimeter of the mesocosm, with individual 

fish in the outer zone scored as “1” and fish scored as “2” if they were in the middle zone 

(Appendix F). During food stimulus tests, a second space use score was assessed where the grid 

overlay was divided into three equal areas and scores ranged from 1-3, where each fish in the 

farthest zone from the food injection site was scored “1” and each fish in the food injection zone 

was scored “3” (Appendix F). The scores for each measure at each 15 s interval were summed 

over the pre- and post-stimulus periods for each test, and then averaged by the number of fish 

present in the trial to give each trial segment a final score. Final shoaling scores ranged from 0 to 

1, where 0 indicates no time spent shoaling and 1 indicates the majority of the trial spent 

shoaling. Space use scores ranged from 0 to 2, where 0 indicates no time spent in the center of 

the arena and 2 indicates the majority of the trial in the center of the arena. Space use scores in 

relation to a food stimulus ranged from 0-3, where 0 indicates no time spent near the food 

stimulus and 3 indicates the majority of the trial spent near the food stimulus. To minimize 

observer bias, behavioral data were analyzed with corresponding treatments unknown. 

Statistical analyses  

Statistical analyses were performed using R version 3.6.2 (R Core Team, 2020). Model 

residuals were visually assessed to ensure assumptions for normality and homogeneity of 

variance were met. To test the influence of NAFCs on fish survival, we used a generalized linear 

mixed-effects models (GLMM) with individual survival to the end of the baseline phase and to 

the end of the exposure phase as binary response variables, NAFC treatment as a fixed effect, 

and replicate mesocosm as a random effect against a binomial error distribution. In addition, we 
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used a Kaplan-Meier survival analysis for daily survival to estimate survival probability 

throughout the experiment (Rich et al. 2010), followed by a log rank test to assess differences in 

survival curves using the survival package in R (Therneau 2021). NAFC exposure effects on fish 

mass and length were evaluated with a linear mixed effect model (LME) with NAFC treatment 

as a fixed factor and replicate treated as random effect. To determine the influence of NAFCs on 

behavioural endpoints for both the food stimulus and predator stimulus tests, we used a 

GLMM with NAFC treatment as a fixed effect and the pre-stimulus values as random error terms 

to account for pre-stimulus variation in the post-stimulus responses. Finally, to test influence of 

NAFCs on behavioural endpoints during the no-stimulus tests taken on day 5 and day 11, we 

conducted a Before-After-Control-Impact (BACI) analysis. We used a GLMM to determine the 

proportion of variance in behavioural endpoints explained by the fixed effects of experiment 

phase (before-after, or baseline compared to exposure phase) and NAFC treatment (control-

impact, or lake water controls compared to 2 mg/L or 15 mg/L NAFC). A Poisson distribution 

was accounted for in the models for activity (grid lines crossed), equilibrium losses, and burst 

events.  

RESULTS AND DISCUSSION 

NAFC exposure impairs fish survival 

 Survival of fish significantly decreased as a function of NAFC (GLMM, F2,43= 8.8, p< 

0.001), whereas there was no significant difference in survival among experimental groups 

during the baseline phase (GLMM, F2,54= 0.3, p= 0.74). In addition, the survival curves differed 

significantly between treatments (Kaplan-Meier; X2(2) = 14.3, p < 0.001), with substantially 

decreased survival in fish exposed to the 15 mg/L NAFC treatment compared to controls and the 

2 mg/L treatment (Figure 3-2). During the baseline and the exposure phases, control fish had an 
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average survival of 80% and 75%, respectively (Figure 3-2a), and fish exposed to the 2 mg/L 

NAFC treatment had an average survival of 85% and 70%, respectively (Figure 3-2b). In 

contrast, fish exposed to the 15 mg/L NAFC treatment had an average survival of 80% during 

the baseline phase, which was reduced to 25% after 6 days of NAFC exposure (Figure 3-2c). Our 

most recent study using the same NAFC extract reported a LC50 value for embryonic fathead 

minnows of 28.5 mg/L, and a 10% benchmark dose value of 22.3 mg/L NAFC (Chapter 2). 

Similarly, previous studies using NAFCs derived from the same setting basin as this study 

(Industry A, but in different years) report 25 mg/L and 32.8 mg/L for embryonic fathead 

minnows LC50 values (Kavanagh et al. 2012; Marentette et al. 2015b), and 51.8 mg/L for 

fathead minnow larvae (Kavanagh et al. 2012). Our findings of reduced survival at 15 mg/L 

NAFC show that fish survival is impaired when exposed to NAFCs at lower concentrations than 

previously established lethal values. This finding is important for establishing safe-release 

concentrations of NAFCs into aquatic ecosystems. 

NAFC exposure impairs equilibrium in fish 

Occurrence of equilibrium losses significantly increased as a function of NAFC exposure 

in all behavioural tests (Figure 3-3). Notably, fish in the 15 mg/L NAFC treatment were the only 

fish to lose equilibrium. In the predator stimulus test, equilibrium losses significantly increased 

with NAFC exposure during the pre-stimulus period (Figure 3-3b; GLMM, F2,32= 11.3, p < 

0.001). Comparatively, in the food stimulus tests, equilibrium losses significantly increased with 

NAFC exposure in both the pre-stimulus (Figure 3-3c; GLMM, F2,33= 30.7, p < 0.001) and post- 

stimulus periods (GLMM, F2,32= 20.4, p < 0.001). Equilibrium losses also significantly increased 

as a function of NAFC treatment during the no-stimulus tests, where there was a significant 

BACI effect for both before-after NAFC addition (Figure 3-3a; GLMM, F1,51= 71.2, p < 0.001) 
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and control-impact when comparing the 15 mg/L NAFC treatment to controls (GLMM, F1,51= 

68.8, p < 0.001).  

This inability to maintain balance following NAFC exposure may have important 

implications if fish are exposed to NAFCs in the Canadian oil sands region. Impaired 

behavioural responses due to contaminant exposure, particularly behaviours that influence fish 

swim activity, can have severe implications for fish survival in ecosystems (Sharma 2019). If 

fish are unable to maintain equilibrium, it may affect their ability to forage for food, avoid 

predators, and preform regular swim activities needed for reproduction and survival. In Chapter 

2, we observed similar equilibrium losses in recently hatched fish exposed to 21 and 29.5 mg/L 

of NAFCs, concentrations that also resulted in increased embryo mortality. As well, similar 

equilibrium losses have also been observed in fish exposed to crude oil (Barron et al. 2005). 

These impaired swimming behaviours and decreased survival following NAFC exposure may be 

related to a neurotoxic mechanism. In vertebrates, all behaviours are achieved through nervous 

system control, and neurotoxic agents can affect the functionality of neurons. Mechanistically, 

neurotoxic agents that affect the vestibular portion (inertial sense) or the inner ear, or 

neurodegeneration in general, can affect balance in fish (Tierney 2011). Neurotoxic agents also 

act through non-specific narcosis (Tierney 2011). Frank et al. (2009) suggested that narcosis is 

the primary mode of toxicity in organisms exposed to NAFCs due to the surfactant properties of 

NAFCs. Moreover, narcosis has previously been theorized as the mechanism underlying fish 

mortality following NAFC exposure (Scarlett et al. 2013; Marentette et al. 2015ab; Madison et 

al. 2020). Thus, NAFCs may affect fish via a narcotic mechanism, thereby impairing fish balance 

via neurotoxicity, and subsequently impairing fish survival. Our findings highlight that NAFC 
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exposure can have both lethal and sub-lethal effects on fish that may impair their ability to 

survive in natural ecosystems. 

NAFC exposure impairs activity in fish  

Total activity measured by grid lines crossed during behaviour tests significantly 

decreased as a function of NAFC exposure in the predator stimulus tests, but not the food 

stimulus tests, nor the no stimulus tests (Figure 3-3). In the predator stimulus test, the number of 

grid lines crossed significantly decreased with increased NAFC treatment during the post-

predator stimulus period (Figure 3-3e; GLMM, F2,31= 17.9, p < 0.001). Control-treated fish 

crossed an average of 14 grid lines/min during the pre-stimulus period, and this increased by 2-

fold during the post-stimulus period. Comparatively, in the 2 mg/L NAFC treatment, fish crossed 

an average of 16 grid lines/min during the pre-predator stimulus period and an average of 17 grid 

lines/min in the post-predator stimulus period. As well, fish in the 15 mg/L NAFC treatment 

crossed an average of 4 grid lines/min in the pre-predator stimulus period, and an average of 6 

grid lines/min in the post-predator stimulus period. In contrast, grid lines crossed did not 

significantly change with NAFC treatment in the food stimulus test (Figure 3-3f; GLMM, F2,32= 

1.6, p= 0.23). During the no stimulus tests, there was no significant effect of the control-impact 

term of the BACI analysis when comparing the 15 mg/L NAFC treatment to controls (Figure 3-

3d; GLMM, F1,59= 0.2, p= 0.66), or 2 mg/L NAFC treatment to controls (GLMM, F1,59= 0.11, p= 

0.74).   

Our findings are similar to Philibert et al. (2019), who observed decreased activity 

following an alarm cue stimulus in fish developmentally exposed to OSPW. As well, similar 

decreases in activity and impaired antipredator behaviour have been observed in fish exposed to 

crude oil (Barren et al. 2005; Kochhann et al. 2015; Lari et al. 2016) and PACs (Vignet et al. 
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2014; Vignet et al. 2015; Johansen et al. 2017). Changes in small-scale activity, particularly in 

response to a predator stimulus, can have high ecological importance because it can change how 

fish encounter both resources and risks in the environment (Saaristo et al. 2018). Our findings 

highlight that sub-lethal NAFC exposure impairs antipredator behaviour that is essential for fish 

survival. Individuals that can quickly and accurately detect and assess risk are favoured by 

natural selection, and thus, disruption of a sensory or motor system due to contaminant exposure 

can have important implications for individual fitness. Impaired predator response due to 

chemical exposure has direct impacts on fish survival (Faria et al. 2020). If fish exposed to 

NAFCs are unable to appropriately increase activity in response to a predator threat, fish may be 

more vulnerable to predation and therefore less likely to survive. Even small variations in fish 

survival can have a major impact on fish recruitment (Scott and Sloman 2004). Thus, increased 

susceptibility to predation following NAFC exposure may lead to population declines (Faria et 

al. 2020). Our findings suggest that antipredator behaviours that are essential for survival are 

impaired following NAFC exposure, and thus these changes may have population and ecosystem 

level impacts should these changes occur in natural environments.  

Other behavioural endpoints 

Fish shoaling decreased significantly in the food stimulus tests, however, it is not 

conclusive if this change can be attributed to NAFC exposure (Figure 3-4). In the food stimulus 

test, fish exposed to 15 mg/L NAFC treatment displayed 40-50% lower shoaling scores than 

those of fish exposed to 2 mg/L NAFCs and controls. Thus, shoaling score was significantly 

reduced with increasing NAFC treatment in fish during the pre-stimulus period (Figure 3-4c; 

GLMM, F2,7= 5.5, p= 0.04). Comparatively, this change in shoaling behaviour was not repeated 

in the predator stimulus test or the no stimulus test. During the predator stimulus test, shoaling 
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scores did not change significantly during either the pre-stimulus (Figure 3-4b; GLMM, F2,7= 

0.86, p= 0.46) or the post-stimulus periods (GLMM, F2,6= 2.4, p= 0.18). Similarly, during the no 

stimulus tests, there was no significant effect of the control-impact term in the BACI analysis 

when comparing the 15 mg/L NAFC treatment to controls (Figure 3-4a; GLMM, F1,11= 0.64, p= 

0.44) or the 2 mg/L NAFC treatment to controls (GLMM, F1,12= 0.15, p= 0.7). By the end of the 

experiment, there were notably smaller sample sizes of fish in the 15 mg/L NAFC treatment due 

to high mortality. One replicate in the 15 mg/L treatment had 100% mortality, and one replicate 

had only one fish live to the end of the experiment, and thus this replicate could not be included 

in shoaling assessments during behaviour tests. In addition, the change in shoaling cannot be 

attributed to the addition of a food stimulus as this effect was found only in the pre-stimulus 

period. Therefore, it is not conclusive if the observed change in shoaling is indeed a consequence 

of NAFC exposure and requires further testing to corroborate our findings.    

Total burst swims of fish did not change significantly between NAFC treatments in any 

behavioural test (Figure 3-4). Burst swims did not change between NAFC treatments during the 

predator stimulus tests (Figure 3-4e; GLMM, F2,31= 1.2, p= 0.30) or the food stimulus tests 

(Figure 3-4f; GLMM, F2,33= 2.5, p= 0.09). Similarly, with only one exception, fish did not 

display any burst swims throughout all no stimulus tests, and thus there was no significant effect 

of the control-impact NAFC addition term of the BACI analysis when comparing the NAFC 

treatments to controls (Figure 3-4d; GLMM, F1,51= 0.3, p= 0.59). 

Time spent frozen did not change significantly between NAFC treatments in any 

behavioural test (Figure 3-4). Freezing time did not change between NAFC treatments during 

predator stimulus tests (Figure 3-4h; GLMM, F2,31= 2.9, p= 0.06) or the food stimulus tests 

(Figure 3-4i; GLMM, F2,32= 0.53, p= 0.59). During no stimulus tests, fish swam on average for 0 
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seconds across all experimental groups in the baseline phase of the experiment and an average of 

175 ± 28 seconds across all treatments in the exposure phase. However, there was not a 

significant effect of the control-impact term when comparing the 15 mg/L NAFC treatment to 

controls (Figure 3-4g; GLMM, F1,51= 1.5, p= 0.23) or the 2 mg/L NAFC treatment to controls 

(GLMM, F1,59= 0.9, p= 0.33).  

Space use was not significantly affected by NAFC treatment in any behavioural test 

(Figure 3-4). Fish location score in the predator stimulus tests did not change with NAFC 

treatment during the pre-stimulus period (Figure 3-4k;GLMM, F2,8= 0.53, p= 0.61) or the post- 

stimulus period (GLMM, F2,7= 0.67, p= 0.54). As well, fish location score in the food stimulus 

tests did not change with NAFC treatment during the pre-stimulus period (Figure 3-4l; GLMM, 

F2,8= 1.9, p= 0.21) or the post-stimulus period (GLMM, F2,7= 1.7, p= 0.25). During the no 

stimulus tests, there was no significant effect of the control-impact term of the BACI analysis 

when comparing the 15 mg/L NAFC treatment to controls (Figure 3-4j; GLMM, F1,11= 0.04, p= 

0.82) or the 2 mg/L NAFC treatment to controls (GLMM, F1,12= 0.41, p= 0.54). 

Space use in relation to a food stimulus also did not change significantly during food 

stimulus tests (Appendix G; GLMM, F2,7= 0.006, p= 0.99), indicating that fish did not change 

locations when a food stimulus was added to the mesocosm. Our findings are similar to that of 

Philibert et al. (2019), who found no difference in distance travelled or prey captured in fish 

exposed developmentally to OSPW. However, our findings contrast with Lari and Pyle (2017), 

who found that exposure to OSPW impairs food search behaviour in fish by interrupting their 

perception of food cues. The lack of response to a food stimulus that we observed may be 

attributed to the conditions of the behaviour tests rather than the potential effects of NAFC 

exposure. A lack of response to food may have occurred because fish were fed daily and excess 
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food was not removed from the test tanks. As such, fish had constant access to food throughout 

the day and therefore did not have to immediately respond to a food stimulus during behavioural 

trials to receive food. As well, previous studies found that yellow perch most commonly forage 

for food just after sunrise or just before sundown (Keast and Welsh 1968), and our behavioural 

tests took place in the late morning and early afternoon. Thus, it may be that we were unable to 

capture the fish regular foraging activity during behavioural tests and are therefore unable to 

conclude if NAFCs affect foraging behaviour. As the ability to capture prey is essential for 

survival and is a complex behaviour that relies on visual perception, recognition, decision-

making, and motor control (Muto and Kawakami 2013), future studies with adjusted methods 

may be warranted to further investigate if NAFCs can alter foraging behaviour in fish.  

CONCLUSION 

Currently in Canada, there is over 1 billion m3 of OSPW stored in tailings ponds (Collins et al. 

2016). Not enough is known about NAFCs to make evidence-informed decisions regarding the 

safe elimination of OSPW and tailings ponds. Specifically, not enough is known about the 

adverse, sub-lethal effects of NAFCs that could affect fish survival and performance in natural 

ecosystems. We found that exposure to 15 mg/L NAFCs significantly decreased survival in 

juvenile yellow perch. We also found that exposure to 15 mg/L NAFCs significantly increased 

incidences of equilibrium losses in fish. Moreover, we found that exposure to either 2 or 15 mg/L 

NAFCs impairs fish activity when responding to a predator stimulus. We conclude that exposure 

to NAFCs has lethal and sub-lethal effects that can impair survival and behaviour of fish. This 

study is the first to show that NAFCs affect juvenile fish behaviours that are vital for survival 

and performance, and thus provides important new context on the potential risks of releasing 

OSPW and NAFCs into natural ecosystems. More studies must be conducted to further 

understand the implications that the observed behaviour changes may have on fish populations as 
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a whole. As well, future studies should prioritize the testing of NAFCs on fish species of varying 

sensitivities and across multiple life stages. Findings from our study are pertinent for developing 

evidence-informed decisions regarding planned OSPW releases, as studies examining sub-lethal 

endpoints must be considered to further understand the ecological impacts of releasing OSPW in 

the Canadian oil sands region.  
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Figure 3-1. Overall study design for assessing behavioural responses of yellow perch exposed to 

naphthenic acid fraction components (NAFCs). Panel (a) represents experimental timeline 

including dates of data collection for no stimulus, predator stimulus, and food stimulus behaviour 

tests, as well as fish size (weight/length). Panel (b) represents random block design of 

mesocosms containing one of two NAFC treatments (2 mg/L or 15 mg/L) or a control (filtered 

lake water). Panel (c) is a photograph of the outdoor mesocosms at the QE3 Living Laboratory.  
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Figure 3-2. Total survival of fish during the baseline phase and NAFC exposure phase in lake 

water controls (a), 2 mg/L NAFC treatment (b), and 15 mg/L NAFC treatment (c). Vertical 

dotted lines indicate the beginning of the NAFC exposure phase on day 6. Points and error are 

bars are means ± SD.  
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Figure 3-3. Number of equilibrium losses (a-c) and activity measured in grid lines crossed (d-f) 

of yellow perch in response to no stimulus (column 1), a predator stimulus (column 2), and a 

food stimulus (column 3). In column 1, white violin plots represent behaviour responses assessed 

during the baseline phase, and grey violin plots represent responses assessed during the NAFC 

exposure phase of the experiment. In columns 2 and 3, white violin plots represent pre-stimulus 

responses and grey violin plots represent post-stimulus responses. Points and error are bars are 

means ± SD. 
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Figure 3-4. Average shoaling score (a-c), number of burst events (d-f), time spent frozen (g-i), 

and average space use score (j-l) of yellow perch in response to no stimulus (column 1), a 

predator stimulus (column 2), and a food stimulus (column 3). In column 1, white violin plots 

represent behaviour responses assessed during the baseline phase, and grey violin plots represent 

responses assessed during the NAFC exposure phase of the experiment. In columns 2 and 3, 

white violin plots represent pre-stimulus responses and grey violin plots represent post-stimulus 

responses. Shoaling scores ranged from 0-1, where 0 indicates no time spent shoaling and 1 

indicates the majority of the trial spent shoaling. Space use scores ranged from 0-2, where 0 
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indicates no time spent in the center of the arena and 2 indicates the majority of the trial in the 

center of the arena. Points and error are bars are means ± SD. 
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Chapter 4.  

General Discussion 

Overview 

 The present studies evaluated whether exposure to naphthenic acid fraction components 

(NAFCs) extracted from oil sands process affected water (OSPW) has lethal and sub-lethal 

effects on fish development and behaviour. The first study exposed fathead minnow (Pimephales 

promelas) embryos to environmentally relevant concentrations of NAFCs (2- 54 mg/L) for 7 

days, then raised surviving larvae in outdoor mesocosms of clean lake water for 1 month. We 

found that embryonic exposure to NAFCs resulted in decreased embryo survival and impaired 

development, with persistent adverse effects on larval fish survival and behaviour after one 

month of rearing in lake water. Our second study exposed juvenile yellow perch (Perca 

flavescens) to environmentally relevant concentrations of NAFCs (2 and 15 mg/L) for 7 days and 

monitored the fish for changes in behaviour before and after NAFC addition. We found that 

juvenile exposure to NAFCs impaired fish survival, fish equilibrium while swimming, and 

antipredator behaviour in fish.  

Taken together, these studies show that exposure to NAFCs has adverse effects on fish 

that affects their survival, development and behaviour across multiple life stages. As such, if 

OSPW enters natural ecosystems, even after being treated to lower NAFC concentrations, 

exposure may still impair fish survival via direct lethal effects or through sub-lethal effects that 

influence fish behaviours required for survival. Currently, safe release guidelines for NAFCs 

have yet to be established by the Canadian Council of Ministers of the Environment or the 

Federal Environmental Quality Guidelines (CCME 2020; FEGQ 2021). FEQGs are issued by the 

Minister of the Environment and Climate Change under the Canadian Environmental Protection 
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Act and may be used as tools for evaluation in environmental risk monitoring. While a new 

framework for tailings ponds management now permits the release of OSPW into natural surface 

water once it is deemed to be in a “ready-to-release” state (Alberta Energy Regulator 2017), it is 

essential that this “ready-to-release” state is informed by policy and guidelines regarding NAFC 

concentrations. Our studies are the first to show that NAFCs have adverse effects on fish 

behaviour. Moreover, our studies are the first to show that exposure to sub-lethal concentrations 

of NAFCs has lasting effects on fish survival and behaviour across multiple life stages. Thus, we 

provide important new context for the potential of NAFCs derived from OSPW to affect fish 

populations. Findings from our studies are pertinent for developing evidence-informed decisions 

regarding safe-release guidelines of NAFCs and for the general management of OSPW in the 

Canadian oil sands region.  

Broader impacts and limitations 

The present studies provide novel information regarding the effects of NAFC exposure 

on fish survival, development and behaviour. However, the most important and difficult issue 

that has yet to be addressed is the implications that these effects may have on fish in the 

Athabasca River and its surrounding tributaries should OSPW be released. The most obvious 

way that a contaminant may affect fish populations is by changing the population growth rate 

through decreasing birth rates or increasing mortality rates. In the first study, we showed that 

exposure to 28-30 mg/L NAFCs causes a 50% reduction in survival and hatch viability in 

embryonic fathead minnows. In the second study, we showed that juvenile yellow perch exposed 

to 15 mg/L NAFC had on average a 55% reduction in survival in addition to impaired behaviours 

that are directly related to fish survival. Even a small variation in mortality can have major 

impacts on fish recruitment (Scott and Sloman 2004). Thus, decreased survival and impaired 
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behaviours related to survival due to NAFC exposure could likely impair recruitment of fish in 

the Athabasca River.  

The question remains, however, if OSPW is released into natural environments, even 

after thorough treatment of NAFCs, will its introduction affect the population growth rate in fish 

in a significant way? If so, how will these changes affect the ecosystem as a whole? Currently in 

the field of ecotoxicology, few studies address how individual changes in mortality, physiology 

and behaviour due to contaminant exposure affect fish populations. Though predicting the 

ecological effects of lethal and sub-lethal changes in organisms due to contaminant exposure is 

valuable for guiding policy and legislation, conducting studies that can do so accurately is 

complicated.  

One of the challenges associated with these predictions is the difficulty of predicting 

susceptibility differences between species. As there are inter- and intraspecies difference in 

physiological, behaviour, and life history, in addition to differences in metabolism, how a 

contaminant affects different organisms in an ecosystem can vary drastically. The 

bioconcentration of contaminants in fish tissues can significantly vary between species (Saaristo 

et al. 2018). For example, some studies have shown that smaller prey fish are more susceptible to 

the effects of contaminants than are larger predatory fish (Klaminder et al. 2016). In our studies, 

yellow perch and fathead minnow showed different sensitivities to NAFC exposure, as yellow 

perch survival decreased significantly at 15 mg/L NAFC, whereas fathead minnow LC50 for 

NAFC exposure was 28 mg/L. Although, comparisons between the two studies are difficult as 

we investigated different life stages of these fish species. However, our findings may indicate 

that if OSPW is released into aquatic ecosystems, two species exposed to the contaminants may 
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display different physiological or behavioural responses. These differences make it difficult to 

predict the full ecological consequences of releasing OSPW without further research in this area.  

Another challenge associated with predicting the ecological effects of OSPW releases is 

the complicated chemical composure of OSPW. Our studies investigated isolated NAFCs 

derived from OSPW tailings ponds, however, it will be treated OSPW as a whole that is released 

into the environment. As previously discussed, OSPW includes other contaminants such as salts, 

metals, and other organic compounds such as PACs that all have demonstrated toxic effects on 

fish. The potential effects of these multiple contaminants may make it more difficult for 

organisms to adaptively respond to their simultaneous effects. We investigated NAFCs 

specifically because they make up the majority of OSPW toxicity and because it is vital to 

address the gap in policy regarding safe release guidelines of NAFCs. However, should OSPW 

be released into natural ecosystems, organisms will be exposed to mixtures of contaminants, and 

thus our studies are limited in that they do not address how OSPW contaminants might interact 

and potentially alter their toxicity to fish.  

In addition to the chemical complexity of OSPW, it is also challenging to predict the full 

consequences that behavioural changes in individuals may have in an ecosystem. Inherently, 

behaviour is a variable endpoint. Even in the absence of contaminant exposure, behaviour can 

change across the lifetime of an individual organism, between different sexes in a species, and 

across species with varying life histories, trophic position, habitat use, and physiology (Saaristo 

et al. 2018). Our first study showed that embryonic exposure to NAFCs had persistent effects on 

the swimming behaviour in larval fathead minnows. As well, our second study showed that 

juvenile exposure to NAFCs had significant effects on yellow perch swimming and antipredator 

behaviour. These behavioural changes have substantial implications for fish survival. Being 
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unable to swim regularly and being unable to swim away from a predator makes fish particularly 

more vulnerable and thus less likely to survive in their ecosystems. However, without further 

research, it is difficult to determine if these behavioural changes will indeed result in significant 

changes in fish populations, and thus the ecosystem as a whole.  

Future directions 

 The management of OSPW in the Canadian oil sands region requires the ability to 

eventually release treated OSPW into natural environments. Ensuring that these releases are safe 

requires sound science and engineering practices to mitigate the effects of OSPW on downstream 

ecosystems and human populations. Several areas of research and gaps in knowledge must be 

filled in order to contribute to these efforts. 

 In a multistakeholder science workshop involving industry, government, and local 

indigenous stakeholders, numerous of the most pressing gaps in knowledge regarding OSPW and 

its management were summarized (Tanna et al. 2019). Some of these gaps in knowledge 

included: (i) improving the standardization of chemical analysis between OSPW ponds, (ii) 

testing for possible cofounding variables that could affect OSPW toxicity (e.g. salt), (iii) 

understanding of potential impacts of OSPW on mammalian reproduction and development, (iv) 

moving away from lab based studies and towards field based studies, and (v) multigenerational 

testing of aquatic species. Research in these areas is vital towards a more thorough understanding 

of the long-term impacts of OSPW and its effects on aquatic species and human populations.   

 The Commission for Environmental Cooperation published a factual record after a formal 

complaint was filed alleging that the Canadian government was failing to enforce the Fisheries 

Act regarding OSPW leaking from tailings ponds (Commission for Environmental Cooperation 

2020). The record concluded that there is consistent evidence of OSPW seeping from tailings 
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ponds into surrounding groundwater. The record also reported the need for better monitoring of 

OSPW leakage in the Canadian oil sands region, and further understanding of how to 

differentiate anthropogenic and natural sources of bitumen-impacted waters. Specifically, there is 

a need for a deeper understanding of the spatial and temporal variability of OSPW in tailings 

ponds and OSPW in groundwater and surface water. As well, the complexity of bitumen-derived 

organics remains extremely difficult to characterize, and thus further development in chemical 

instrumentation is required (Commission for Environmental Cooperation 2020). 

A review by Culp et al. (2021) summarizing data collected by the Joint Oil Sands 

Monitoring program (JOSM), emphasized that the main source of contaminant delivery from oil 

sands activity is from atmospheric deposition. However, this review failed to discuss the risks 

that NAFCs derived from OSPW pose to ecosystems surrounding the oil sands region. The 

findings from our studies highlight that NAFC exposure can significantly affect fish survival and 

behaviours that are imperative for survival, which could affect fish populations should they 

encounter NAFCs in natural environments. Thus, it is concerning that a review aimed to 

synthesize the ecological effects of oil sands activity did not discuss the risk that NAFCs pose to 

wildlife and human populations that live downstream of mining operations. The review 

highlights the need for further inclusion of NAFC monitoring and risks assessment in the JOSM 

program to protect aquatic biota living downstream of the oil sands region.  

 Within this thesis, we highlighted several gaps in knowledge that are pertinent 

specifically for the development of safe-release guidelines of NAFCs derived from OSPW. First, 

as our studies were one of the first to investigate the persistent, sub-lethal effects of NAFCs on 

fish, several sub-lethal effects of NAFCs have yet to be determined and require further research. 

Though our studies provided the first evidence of NAFCs affecting fish behaviour, there are a 
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suite of fish behaviours that can affect survival and recruitment that must be investigated to 

understand how NAFCs affect fish. For example, changes in reproductive behaviours can have 

significant impacts on fish ability to mate and produce viable offspring (Jennions and Petri 

1997), and thus investigating if NAFCs affect these behaviours will provide important 

understanding of the lasting impacts of NAFCs on fish. Other sub-lethal endpoints that should be 

investigated include a more thorough assessment of how NAFCs impair fish development and 

how these impairments may manifest both physiologically and behaviourally across the lifetime 

of a fish. Assessing these changes require long-term studies, preferably studies that last months 

or years, and potentially require investigations across multiple generations of fish. Furthermore, 

more studies are required to investigate the effect of NAFCs across fish species of varying 

sensitivities to thoroughly understand how the toxicity of NAFCs may change between species. 

Finally, building on these suggested studies, it is vital to understand how sub-lethal changes in 

fish following NAFC exposure affect fish populations, and subsequently, if these population 

changes will have significant effects on the ecosystem. Thus, more studies are required that 

investigate the links between sub-lethal changes in fish and changes in fish populations, and if 

these population changes are significant enough to alter ecosystem dynamics.  

By constructing studies that investigate the sub-lethal effects of NAFCs on fish, and how 

these sub-lethal effects may manifest in population and ecosystem changes, we can assess the 

ecological risk of releasing NAFCs into natural environments. Thus, such studies can help create 

informed policies and guidelines surrounding NAFCs to protect wildlife, ecosystems, and human 

populations from the release of OSPW contaminants.  

Final conclusions 
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 Wastewater management in the Canadian oil sands region is a complicated issue. 

Decades of interdisciplinary research and innovation have gone into tackling these complex 

problems. Some of these advancements include development of monitoring programs in the oil 

sands region, creation of innovative technologies for treating OSPW, continuously improving 

chemical analysis of OSPW and other oil contaminants, quantification of how OSPW and oil 

sands contaminants affect organisms, and many other areas of innovation where researchers 

pushed the boundaries of human knowledge across several fields of study. The present studies of 

this thesis contributed to this field of knowledge by providing novel information about NAFCs 

derived from OSPW and their effects on fish, including the first studies to demonstrate that 

NAFCs alter fish behaviour. These findings serve to help inform policy and guidelines regarding 

the management of NAFCs and OSPW. However, a significant amount of work is still required 

to inform the eventual release of OSPW into natural ecosystems. It is not clear if the current 

regulations and monitoring programs are sufficient to execute OSPW releases in a way that 

protects aquatic biota and human populations surrounding the oil sands region. Thus, a 

substantial, long-term investment, both provincially and federally, must be made in research, 

regulations and environmental monitoring programs regarding the plan to intentionally release 

OSPW if we are serious about remedying the toxic legacy of tailings ponds.  
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Summary 

1. Our studies evaluated whether exposure to NAFCs extracted from OSPW has lethal 

and sub-lethal effects on fish development and behaviour.  

2. Our first study exposed fathead minnow (Pimephales promelas) embryos to 

environmentally relevant concentrations of NAFCs (2- 54 mg/L) for 7 days, then 

raised surviving larvae in outdoor mesocosms of clean lake water for 1 month.  

3. We found that embryonic exposure to NAFCs resulted in decreased embryo survival 

and impaired development, with persistent adverse effects on larval fish survival and 

behaviour after one month of rearing in lake water.  

4. Our second study exposed juvenile yellow perch (Perca flavescens) to 

environmentally relevant concentrations of NAFCs for 7 days and monitored the fish 

for changes in behaviour before and after NAFC addition. 

5.  We found that juvenile exposure to NAFCs (15 mg/L) impaired fish survival, 

impaired fish equilibrium while swimming, and impaired antipredator behaviour in 

fish.  
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Appendix A 

Microcosm and mesocosm water chemistry 2019 

Table A1. Temperature (Temp., °C) and light intensity (Int., lux) of the microcosms (1 L jars 

holding embryonic fish) and mesocosms (300 L tanks holding larval fish). Data was obtained 

from Hobo data-loggers (Onert, Bourne, Massachusetts, USA). 

 

  

  Exposure Phase Post-exposure phase 

Dates July 15- 21, 2019 
July 22- Aug 21, 

2019 

Mean Water 

temp (°C) 
24.6 22.3 

SDa (±°C) 2.4 2.6 

Max water 

temp (°C) 
29.3 34.7 

Min water 

temp (°C) 
18.4 17.3 

Mean light int. 

(Lux) 
493 3722 

SD (±Lux) 1206 11530 

Max light int. 

(Lux) 
11253.8 95273 

Min light int. 

(Lux) 
0 0 

 
aSD: Standard deviation. 

 

Table A2. Mean dissolved oxygen, pH, conductivity, and salinity of mesocosms holding fathead 

minnow larvae from July 22-August 21, 2019. Data was obtained using a Hana meter (H198129) 

and Hach meter (HQ40d). Data was collected daily throughout post-exposure phase.  

 

 

Nominal 

NAFC 

Treatment 

(mg/L) 

Replicate 

Mean 

DOa 

(mg/L) 

Mean 

pH 

Mean 

conductivity (µS 
/cm) 

Mean 

salinity 

(ppm)  
 

0 1 7 ± 0.5 
7.9 ± 

0.1 
189.9 ± 5.7 

95.2 ± 

2.7 
 

0 2 8 ± 0.5 
7.6 ± 

0.7 
188.1 ± 6.8 

93.9 ± 

3.6 
 

0 3 
8.4 ± 

0.6 
8 ± 0.2 188.5 ± 5.7 

94.2 ± 

2.9 
 

2.5 1 
7.8 ± 

0.5 

8.1 ± 

0.1 
188.5 ± 8 

94.8 ± 

4.3 
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2.5 2 
7.3 ± 

0.8 
8 ± 0.2 189.6 ± 5.7 94.6 ± 3  

2.5 3 8 ± 0.4 
8.1 ± 

0.1 
185.6 ± 6 

92.6 ± 

2.7 
 

6.5 1 
7.7 ± 

0.5 
8 ± 0.2 184.8 ± 6.8 92 ± 2.8  

6.5 2 
7.9 ± 

0.5 
8 ± 0.2 189.9 ± 6.1 

95.1 ± 

3.1 
 

6.5 3 
7.2 ± 

0.3 

7.9 ± 

0.3 
190.2 ± 6.2 95 ± 3  

10 1 
8.8 ± 

0.5 

8.1 ± 

0.1 
187.6 ± 6.3 

93.9 ± 

3.4 
 

10 2 
8.3 ± 

0.6 
8 ± 0.1 192.5 ± 6.4 

96.2 ± 

3.4 
 

10 3 
7.5 ± 

0.5 

7.9 ± 

0.2 
189.6 ± 6.4 

94.5 ± 

2.8 
 

14 1 
8.1 ± 

0.5 
8.1± 0.2 186.3 ± 6.6 

93.3 ± 

3.4 
 

14 2 
6.8 ± 

0.6 

7.9 ± 

0.1 
189.8 ± 5.2 

94.9 ± 

2.5 
 

14 3 
7.4 ± 

0.7 
8 ± 0.1 187.1 ± 5.4 

93.2 ± 

2.3 
 

21 1 
8.3 ± 

0.5 
8 ± 0.2 190.8 ± 6.3 

95.2 ± 

3.3 
 

21 2 
8.1 ± 

0.7 

8.1 ± 

0.2 
188.5 ± 5.5 

94.2 ± 

3.2 
 

21 3 
8.2 ± 

0.7 
8 ± 0.2 189.2 ± 6.5 94.9 ± 3  

 
aDO: dissolved oxygen; bSD: Standard deviation. 
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Appendix B 

Malformation scoring guide 

Table B1.  Malformation scoring guide (modified from Villalobos et al. 2000) used for assessing 

malformations of hatched fathead minnow embryos following exposure to naphthenic acid 

fraction components (NAFCs).  
 

Score   
Cardiovascular 

Index   

Craniofacial   

Index   

Myoskeletal   

Index   

Peritoneal   

Index   

0   
No observable  

effect  

No observable  

effect  

No observable  

effect  

No observable  

effect  

  

1   

Mild pericardial 

edema  

  

Less expansion of 

brain, and/or less  

eye width  

  

Minor spinal  

Curvature  

  

Minor yolk  

edema  

2   

Moderate pericardial 

edema and/or 

hemorrhaging  

  

  

Deformed jaw  

and/or  

exophthalmia  

One/multiple spinal 

curvatures (lordosis, 

kyphosis, scoliosis)  

  

Moderate yolk  

edema  

3   

Severe pericardial 

edema and/or 

extended 

hemorrhaging  

  

Microphthalmia, 

microcephalia and/or 

anencephaly  

Severe spinal curvature 

and/or complete 

stunted development  

Severe yolk  

edema  
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Appendix C 

Double bond equivalents of NAFCs 

Table C1. Percentage of oxygen double bond equivalents (DBE) of eight NAFC treatment 

solutions and one control (filtered lake water). Samples were collected on the first day of the 

experiment and abundance did not change by more than ±0.3 throughout exposure.  

O2 DBE  

Proportion of Total O2 Species (%)  

Control  
Treatment - Nominal NAFC concentrations (mg/L)  

2.5  6.5  10  14.5  21  29.5  40  54  

1.5  42.65  2.67  0.50  0.26  0.47  0.13  0.11  0.14  -  

2.5  9.05  1.57  1.69  1.95  2.02  2.41  2.59  2.67  2.78  

3.5  12.04  28.0  30.4  31.2  31.4  32.6  33.4  34.0  33.7  

4.5  15.60  33.1  34.6  33.7  34.1  33.4  33.5  33.9  34.2  

5.5  12.82  9.12  9.01  9.10  8.90  8.81  8.67  8.65  8.46  

6.5  5.94  6.80  6.67  6.80  6.51  6.41  6.23  6.08  6.05  

7.5  1.49  14.5  13.5  13.2  13.0  12.6  12.2  11.7  11.7  

8.5  0.42  3.68  3.49  3.50  3.38  3.35  3.08  2.87  2.96  

9.5  -   0.37  0.11  0.22  0.22  0.21  0.12  -  0.22  
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Appendix D 

Fathead minnow stocking densities 

Table D1. Number of fathead minnow larvae stocked in outdoor mesocosms following 

embryonic exposure to NAFC and number of larvae alive in mesocosms one month later.  

Nominal 

NAFC 

Treatment 

(mg/L) 

Mesocosm 

replicate 

Number 

of fish 

stocked 

Number of 

fish alive 

at end of 

the 

experiment 

Average 

mass 

(mg) 

Average 

length 

(mm) 

Average 

CF 

 
0 1 23 21 71.3 19.3 1.0  

0 2 30 26 76.5 20.9 0.8  

0 3 31 30 63.2 20.2 0.8  

2.5 1 27 26 72.2 19.3 1.0  

2.5 2 27 26 66.0 19.1 0.9  

2.5 3 23 23 92.3 22.3 0.8  

6.5 1 17 17 123.4 22.9 1.0  

6.5 2 27 25 47.0 18.2 0.8  

6.5 3 22 20 113.4 22.3 1.0  

10 1 23 23 77.8 20.9 0.8  

10 2 28 24 62.3 18.6 1.0  

10 3 27 23 102.7 22.3 0.9  

14.5 1 23 17 95.0 21.2 1.0  

14.5 2 24 20 78.8 21.1 0.8  

14.5 3 23 21 91.1 21.9 0.8  

21 1 18 11 120.7 22.4 1.1  

21 2 17 15 99.5 21.5 1.0  

21 3 17 15 93.3 20.9 1.0  
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Appendix E 

Mesocosm water chemistry 2020 

Table E1. Mean dissolved oxygen, pH, conductivity, salinity, and ammonia of mesocosms 

holding yellow perch from September 15 -28, 2020. Data was obtained using a Hana meter 

(H198129), Hach meter (HQ40d), and ammonia test strips (API).  

 

aDO: dissolved oxygen; bSD: Standard deviation. 

 

Table E2. Temperature (Temp., °C) and light intensity (Int., lux) of experiment mesocosms from 

September 15- 28, 2020. Data was obtained from Hobo data-loggers (Onert, Bourne, 

Massachusetts, USA). 

Date 

Mean 

Water 

temp 

(°C) 

SDa 

(±°C) 

Max 

water 

temp 

(°C) 

Min 

water 

temp 

(°C) 

Mean 

light int. 

(Lux) 

SD 

(±Lux) 

Max light 

int. (Lux) 

Min 

light 

int. 

(Lux) 

15-Sep 11.81 0.93 13.17 10.16 1,844 2,508 7,811 0 

16-Sep 13.78 1.42 15.96 11.92 1,872 2,624 9,853 0 

17-Sep 14.14 0.94 16.13 12.18 1,740 3,114 10,038 0 

18-Sep 11.34 1.10 13.51 9.18 2,116 5,194 24,781 0 

19-Sep 8.63 1.11 12.44 7.29 2,068 5,970 28,969 0 

20-Sep 8.18 0.96 10.55 7.08 1,387 2,239 7,811 0 

21-Sep 7.78 1.38 11.58 6.00 2,298 7,154 34,734 0 

22-Sep 8.09 1.44 11.37 6.13 2,827 4,921 20,352 0 

23-Sep 10.22 1.62 12.52 8.32 2,043 4,740 22,528 0 

24-Sep 11.99 1.49 14.15 10.16 2,230 3,447 14,070 0 

Nominal 

NAFC 

Treatment 

(mg/L) Replicate 

Mean 

DOa 

(mg/L) 

SDb 

(± 

mg/L) 

Mean 

Conductivity 

(µS/cm) 

SD (± 

µS/cm) 

Mean 

Salinity 

(ppm) 

SD 

(± 

ppm) 

Mean 

pH SD 

Mean 

Ammonia SD 

0 1 9.17 0.81 247.54 3.50 124.15 1.68 7.31 0.10 0.17 0.29 

0 2 8.96 0.66 247.00 4.08 124.77 5.07 7.29 0.13 0.17 0.29 

0 3 8.87 0.83 249.15 3.78 124.54 2.30 7.36 0.13 0.17 0.29 

0 4 8.75 0.79 244.62 8.17 122.00 1.63 7.32 0.31 0.17 0.29 

2 1 8.62 0.87 248.69 4.61 124.08 1.85 7.36 0.10 0.17 0.29 

2 2 8.90 0.87 249.23 3.81 123.92 1.71 7.34 0.11 0.17 0.29 

2 3 9.23 0.85 249.00 9.15 125.31 4.46 7.33 0.08 0.17 0.29 

2 4 14.60 20.51 237.15 34.96 114.64 32.31 7.41 0.19 0.17 0.29 

15 1 8.97 0.81 258.50 19.07 130.67 9.91 7.29 0.14 0.17 0.29 

15 2 8.76 0.96 265.15 19.99 132.00 10.08 7.27 0.13 0.17 0.29 

15 3 8.71 0.88 253.50 28.84 130.67 10.31 7.28 0.10 0.17 0.29 

15 4 9.05 0.72 259.85 17.54 129.69 8.33 7.34 0.14 0.17 0.29 
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25-Sep 13.33 1.17 15.10 11.79 1,620 2,390 7,342 0 

26-Sep 14.67 1.53 17.16 12.70 2,161 3,937 16,932 0 

27-Sep 16.92 1.38 19.30 15.10 2,526 4,019 15,672 0 

28-Sep 17.73 1.37 20.80 16.77 2,651 4,939 16,200 0 
aSD: Standard deviation. 
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Appendix F 

Behavioural analysis grid overlay 

 

 

  

Figure F1. Grid overlay used for behaviour analyses for (a) space use and (b) space use in 

relation to a food stimulus.   

  

a) b) 
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Appendix G 

Space use score in relation to a food stimulus 

 

Figure G1. Average location score of yellow perch in relation to a food stimulus. White violin 

plots represent average location score before the addition of a food stimulus and grey violin plots 

represent average location score after the addition of a food stimulus. Food location scores range 

from 0-3, where 0 indicates no time spent near the food stimulus and 3 indicates the majority of 

the trial spent near the food stimulus. Points and error are bars are means ± SD. 

 

 

 

 

 


