
 

 

 

 

 

EMBRYOTOXICITY OF NAPHTHENIC ACID FRACTION 

COMPONENTS TO FATHEAD MINNOW (PIMEPHALES PROMELAS)  

 

 

by 

 

  

 

 

 

Brianna Jackson  

 

 

 

 

 

 

 

 

 
A thesis submitted to the School of Environmental Studies 

in partial fulfillment of the requirements for 

the degree of Bachelor of Science (Honours) 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

April 2020



 

 

i 

 

 

 

Abstract 
 

The extraction of bitumen from Alberta’s oil sands region generates large volumes of oil sands 

process-affected water (OSPW) that are stored in tailings ponds. New policy directives are 

planning to intentionally release OSPW into surrounding freshwater ecosystems. Presently, no 

water quality standards exist for the main toxic constituent of OSPW - naphthenic acid fraction 

components (NAFCs). To aid in the establishment of safe-release thresholds of OSPW, we 

exposed embryo fathead minnow (Pimephales promelas) to OSPW-derived NAFCs (2.5-54 

mg/L) from 1-day post fertilization to hatch in semi natural conditions. Observations on embryo 

heart rate, embryo development, and basal activity at hatch were examined, to assess the 

developmental and behavioural toxicity of NAFCs. Embryo heart rates declined with increasing 

exposure concentration. NAFCs caused embryo mortality (LC50=26.76 mg/L) and development 

impairments at hatch (EC50=14.38 mg/L). Non-viable fish displayed pericardial and yolk sac 

edemas, craniofacial defects, and spinal curvatures that increased in severity with increasing 

exposure concentration. Acute narcosis, cardiac dysfunction, oxidative stress, and alteration in 

gene expression were probable modes of toxic action. At concentrations above 21 mg/L, fish 

displayed erratic and repetitive twitching patterns indicative of nervous system impairment. Post-

hatch mass increased with increasing exposure concentration, potentially as a short term, 

compensatory-like response. Additionally, a reduction in basal activity was observed for fish 

exposed to 2.5 and 6.5 mg/L. This result suggests there could be sublethal effects for fish 

exposed to NAFC concentrations much lower than those known to cause mortality and 

developmental impairments, which is a novel finding. Taken together, these results provide 

important toxicological information to inform future regulatory policies for the management of 

OSPW in Alberta, Canada.  
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1. PRFACE 

  Ecotoxicology research is often limited in spatial and temporal scale. Standard 

laboratory tests are used to answer policy-driven questions yet lack the fundamental complexity 

of natural systems. We then extrapolate our knowledge of the response of model species under 

controlled conditions to that of an entire ecosystem. The basis of this thesis stems from my 

passion for understanding the realistic fate and effects of emerging contaminants in freshwater 

ecosystems, namely the pollution from Canadian oil sands development.  

 In this thesis, I investigate the toxicity of environmentally relevant concentrations of 

naphthenic acid fraction components (NAFCs)– the main toxic constituent of oil sands 

wastewater – to embryo fathead minnow (Pimephales promelas) in a semi-natural setting. This 

work was in collaboration with a subsequent study that raised the exposed fish in large, outdoor 

mesocosms filled with filtered lake water for one month, to assess latent, sub-lethal toxicity. If 

early-life stages of fish are exposed to NAFCs, at what level of exposure causes population- and 

community-level harm? Together, our study provides the groundwork toward answering this 

complex question. Ultimately, information from this research can be used to inform pressing 

policy decisions, to establish safe exposure limits of NAFC concentrations in freshwater.  

  In the introduction, I provide an overview of the oil sands industry, oil sands process-

affected water, NAFCs, and mechanisms of toxicity to fish early-life stages. The introduction 

also contains the rationale, objectives, hypothesis and predictions of the study. The toxicity of 

NAFCs during embryo development is examined and discussed, along with limitations and 

suggestions for future work. The standard operating procedures for the study are included in the 

appendices to provide guidance for subsequent research. The results of this study, along with the 

results of the one-month grow out period, is in preparation for submission and publication.
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2. INTRODUCTION 

2.1. Canadian Oil Sands Industry 

 Canada has the third largest proven oil reserves in the world, next to Saudi Arabia and 

Venezuela. Of these reserves, 96% is found in Alberta’s bituminous oil sands [89]. Any 

geographic area containing bitumen is designated as an oil sands area, and combined, occupies 

roughly 140,000 km2 of land in northerneastern Alberta and northwestern Saskatchewan [35]. 

Currently, the majority of bitumen is extracted using the Clark Hot Water Extraction Process, 

which requires 2 to 4 barrels of water for every barrel of oil produced [5,11]. As such, 

approximately 430 million m3 of freshwater is licenced to be withdrawn from the Athabasca 

River for oil sands operations [35]; however, the total volume of water used during bitumen 

extraction is much higher, due to the recycling of water [3]. This water is stored in and recycled 

from on-site settling basins called tailings ponds (Figure 1) [35, 89]. The reuse of tailings pond 

water, termed oil sands process-affected water (OSPW), is intended to reduce the demand for 

freshwater resources. However, its reuse often leads to a decline in water quality, thereby 

compromising the ability to extract bitumen and leading to the production of heavily 

contaminated wastewater [5].  
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Figure 1. Oil sands tailings ponds adjacent to an oil sands refinery and the Athabasca River in 

Alberta, Canada. The photograph was taken in 2015 by Daniel Barnes [10]. 

 

2.2. Oil Sands Process-Affected Water  

 Depending on the ore source, mining process, and tailings management methodology, 

several types of tailings deposits and OSPW results from the processing of oil sands [68]. The 

OSPW that is stored is a broad definition which encompasses a wide variety of water types, 

including fresh OSPW in active tailings ponds, aged or treated OSPW from wetlands and 

reclamation ponds, consolidated tailings release water, and seepage or dyke drainage water [78]. 

Despite the variation in water chemistry between tailings ponds, the common compounds present 

in OSPW include naphthenic acids (NAs), polycyclic aromatic compounds (PACs), BTEX 

(benzene, toluene, ethyl benzene and xylene), phenols, heavy metals and ions [5]. Although the 

observed toxicity of OSPW has been traced to a variety of contaminants present in tailings ponds 

[68], the majority of OSPW toxicity is attributed to NAs [75].  

 NAs are broadly defined as a complex mixture of polar organic carboxylic acid 

surfactants. NAs are represented by the general formula CnH2n-zO2, where n indicates the carbon 
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number and z specifies the degree of cyclization in the compound [19]. Although commercial 

NAs fit to this classical formula, over 50% of oil sands-derived NAs contain additional structures 

[39]. These structures can include increased oxygenated species, nitrogen and/or sulfur-

containing moieties, and/or unsaturated and aromatic NA derivatives (Figure 2) [47]. In recent 

years, new terminology has emerged in the literature to better represent OSPW-derived NAs 

such as oil sands tailings water acid-extractable organics (OSTWAEO) [39], acid-extractable 

organics (AEO) [14], and naphthenic acid fraction components (NAFCs) [47]. The term NAFC 

will be used in this paper to encapsulate the wide-range of acid-extractable constituents studied 

in this experiment. 

 

Figure 2. Representative structures of naphthenic acid fraction components derived from oil 

sands process-affected water. R = alkyl groups; X = COOH, R, OH, SOX, NOX, SH; Y = C, S, N 

[47].  
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 NAFCs are naturally present in bitumen and in regional groundwaters within the oil 

sands region. Background levels of NAFCs in surface water are generally below 1 mg/L [46], 

however some studies have detected NAFC concentrations closer to 10 mg/L [87]. In regard to 

tailings ponds, NAFCs concentrations are found to occur between 5 to 40 mg/L in reclamation 

ponds and experimental wetlands [7,60], generally above 19 mg/L in naturally aged tailings 

ponds [99], and as high as 110 mg/L in active or fresh tailings ponds [46]. Generally, 

commercial NAs (i.e., NAs purchased from a chemical supplier and not derived from natural 

environments) are more toxic than OSPW-derived NAFCs [77,80]. In addition, fresh OSPW-

derived NAFCs are more acutely toxic than aged OSPW-derived NAFCs [75], due to the greater 

abundance of lower molecular weight compounds presented in fresh OSPW-NAFCs [30,99]. 

However, both fresh and aged NAFCs have shown to be both acutely and chronically toxic to a 

variety of organisms, including invertebrates [12], phytoplankton [66], plants [4], amphibians 

[40,41], fish [80–82], and mammals [102]. In addition, NAFCs have shown to induce toxicity 

though multiple modes of toxic action [68].  

 

2.3. Naphthenic Acid Toxicity to Early-Life Stage Fish 

 Fish species that inhabit rivers and lakes in the Athabasca oil sands region are vulnerable 

to OSPW-NAFC exposure [60,62]. This is because early developmental stages of fish (i.e. 

embryo and larval stages) are extremely delicate and sensitive to xenobiotic toxicity [84]. As 

well, experimental studies have proven that fish are the most susceptible aquatic species to 

NAFC toxicity, relative to invertebrates and plants [63]. As such, recent research has focused on 

the toxicity of NAs and NAFCs to fish early-life stages [14,15,59,80–82,97,104,120]. A few of 

these studies have observed that the embryo period, more so than the larval period, is the most 
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sensitive life stage for fish exposed to OSPW-NAFC. For example, the reported embryo LC50 

(median lethal concentration) for fathead minnow (Pimephales promelas) exposed to aged 

OSPW-derived NAFCs is 32.8 mg/L, and for larval fathead minnow is 51.8 mg/L [59]. Another 

embryo-larval laboratory study using fathead minnow and walleye (Sander vitreus) from 1-day 

post-fertilization (dpf) to 21 dpf found that hatch success was a better endpoint predictor of 

early-life stage mortality, suggesting that the embryo phase may be more sensitive to NAFCs 

than the post-hatch or larval phase [80]. The surfactant properties of NAFCs (containing both 

hydrophobic and hydrophilic moieties; [32]) can directly interfere with, permeate through, and 

rupture the egg chorion of embryos, leading to increased vulnerability to NAFC exposure [97]. 

The egg chorion is a tough, outer shell-membrane that is directly exposed to the external 

environment [109]. The chorion functions as a protective barrier between embryos and 

surrounding water, by lowering the rate of xenobiotic transport into tissues [91]. Physical 

interference with the egg chorion structure can impair osmoregulatory function [108,109], 

leading to pronounced implications for embryo development [97]. Decreased yolk utilization, 

attributed to a decrease in available energy to osmoregulate by chorion disruption, was reported 

in Japanese medaka (Oryzias latipes) and yellow perch (Perca flavescens) embryos exposed to 

commercial NAs [97]. Following chorion disruption, exposure to NAs and NAFCs during the 

embryo state can elicit many direct and indirect toxic effects, such as significantly increased 

embryo mortality [13,15,59,80–82,97,104,120]; significantly reduced post-hatch length [13,81] 

and mass [81,97]; significantly increased malformations [13,15,77,80–82,97,120] and evidence 

of endocrine disrupting-effects [120]. The purpose of  sections 2.4.1-2.4.4 is to provide an 

overview of the reported mechanisms of NAFC toxicity to fish early-life stages, including 

narcosis, electrophilic reactivity, metabolism and detoxification, and cardiac-specific toxicity.  



 7 

2.3.1. Narcosis 

 Acute toxicity by narcosis is often reported in the literature concerning OSPW-NAFC 

toxicity to fish early-life stages [13,30,32,77,80]. Often referred to as “baseline toxicity”, 

narcosis is a nonspecific toxic mode of action, whereby the hydrophobic group of a compound 

enters the lipid bilayer of a cell, causing disruption to cell membranes and cell death [30,106]. 

Typical endpoints of narcosis include a loss of mobility, consciousness or death [121]. The 

narcotic potency of NAFCs is a function of lipophilicity and molecule size, where compounds of 

greater lipophilicity and < 1000 Dalton (Da; g/mol) are more likely to elicit toxicity by narcosis 

[30,121] Lipophilicity is determined by the octanol/water partition coefficient (Kow). Kow  

describes the compounds equilibrium distribution between water and octanol, a lipophilic 

substrate, as defined by Kow = 
[𝑆𝑜𝑙𝑢𝑡𝑒]𝑜𝑐𝑡𝑎𝑛𝑜𝑙

[𝑆𝑜𝑙𝑢𝑡𝑒]𝑤𝑎𝑡𝑒𝑟
  [94]. Compounds with a higher Kow can more 

readily partition through the lipophilic solvent, and therefore more readily across lipid bilayers of 

cell membranes [119]. For NAFCs in particular, the lower molecular weight compounds tend to 

have higher Kow  values [14,43]. This could explain why fish early-life stages exposed to fresh 

OSPW-derived NAFCs, in comparison to aged OSPW-derived NAFCs, display increased 

mortality rates [80]. However, considering all reported OSPW-NAFCs molecular weights are < 

600 Da, all NAFC compounds are bioavailable to permeate across membranes and elicit toxicity 

by narcosis [30]. 

 In addition to embryo mortality, compounds that elicit baseline narcosis can disrupt nerve 

functioning. This can occur by, (i) disruption of membrane function and fluidity, thereby altering 

the ability to maintain membrane potential, and/or (ii) disruption of transmembrane proteins 

involved in maintaining membrane potential and/or transmitting nerve impulses [121]. When 

exposed to whole OSPW, fathead minnow embryos display a greater rate of spontaneous 



 8 

movement relative to control fish [45]. Similarly, early-life stage fathead minnow exposed to 

diluted bitumen and tailings ponds sediments display impaired swimming behaviours [25]. In a 

short-term toxicity test from fertilization to 7 days post-hatch (dph), fathead minnow displayed 

hypoactivity and erratic patters of twitching at hatch to 1 to 3 dph [25]. This finding is consistent 

with previous observations that substances acting by a narcotic mode of action cause 

hypoactivity in 30-day old fathead minnow when spontaneous swimming behaviour was 

measured [28]. Behavioural effects following embryo exposure to OSPW-NAFC warrants 

further investigation. 

 

2.3.2. Electrophilic Reactivity 

 To better understand the physiochemical properties that contribute to the toxicity of 

various NAFC compounds, some studies have conducted toxicity tests using fractionated NAFCs 

of increasing molecular weight, polarity, and aromaticity. These studies have shown that the 

higher molecular weight fractions of NAFCs from fresh OSPW can be more toxic than the lower 

molecular weight fractions by a mechanism independent of narcosis [13,104]. The toxicity of the 

higher molecular weight fractions have been linked to the electrophilic reactivity of NAFCs [13–

15,104]. Electrophilic species are electron-poor compounds that are highly reactive with and 

covalently bind to electron-rich nucleophilic regions on important biological macromolecules 

[119]. The stability and chemical reactivity/electrophilicity of a particular compound can be 

explained by the difference in the compounds’ frontier orbital energies: the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The LUMO 

energy describes the compounds ability to be electrophilic, whereas the HOMO energy describes 

the compounds ability to be nucleophilic [119]. Compounds with a lower LUMO-HOMO ∆E 



 9 

gap exhibit increased electrophilic reactivity [106], which has shown to be highly correlated to a 

chemicals acute and chronic toxicity [119]. The increased aromatic NAFC species have shown to 

have a lower LUMO-HOMO ∆E gap [104] and therefore could more readily be interacting with 

and damaging nucleophilic regions on DNA, proteins and lipids in exposed organisms [119]. 

Taken together, these studies show that NAFCs are a complex mixture which, depending on the 

chemical composition, can cause toxicity by varying modes of action. 

 

2.3.3. Metabolism and Detoxification 

 Xenobiotic metabolism is a biotransformation and detoxification process that occurs in 

all species. The general process involves converting lipophilic exogenous toxicants to more 

water-soluble derivates, in order to facilitate their excretion [42]. Xenobiotic metabolism occurs 

in two phases: Phase I involves oxidation, reduction, and hydrolysis reactions; and Phase II 

involves conjugation reactions [122]. Several signalling pathways are involved in Phase I and 

Phase II metabolism of xenobiotics [96]. Of particular interest regarding the metabolism of 

aromatic hydrocarbons such as NAFCs is the ligand-dependent transcription factor, the aryl-

hydrocarbon receptor (AhR) [65]. Activation of AhR induces the expression of cytochrome P450 

(CYP450) enzymes. CYP450 enzymes (particularly 1A1,1A2, and 1B1) catalyze transformation 

reactions that chemically modify aromatic hydrocarbons to intermediate metabolites [42,65]. 

This bioactivation process often produces metabolites that are reactive and electrophilic that can 

bind to DNA and form DNA adducts [96,110]. Reactive intermediates can also interact with 

endogenous molecules inside of cells and with cell membranes, leading to lipid and protein 

degradation [72]. Reactive intermediates such as reactive oxygen species (ROS) are produced 

when molecular oxygen (O2) is reduced to superoxide radical (O2-•), hydrogen peroxide (H2O2) 



 10 

and/or hydroxyl radical (HO•) [73]. Production of ROS can lead to oxidative stress inside cells, 

which can damage mitochondria and promote cell death by apoptosis and necrosis [73]. 

Oxidative stress is the result of an imbalance between exposure to ROS and an organism’s ability 

to detoxify them by antioxidant defence mechanisms. Antioxidant enzymes such as superoxide 

dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) are important in ROS 

detoxification [42].  

 Until recently, very few studies had elucidated the molecular mechanisms of NAFC 

toxicity to fish early-life stages. Elevated levels of cyp1a1 mRNA transcripts have been observed 

in walleye embryos exposed to fresh NAFCs, suggesting that NAFC toxicity may occur by AhR-

mediated metabolism [82]. An in vitro study investigated the toxicity of commercial NAs on 

rainbow trout (Oncorhynchus mykiss) hepatocytes and showed that these compounds alter genes 

involved in xenobiotic metabolism, oxidative stress, and DNA damage [34]. Recent 

transcriptome profiling of early-life stage fathead minnow exposed to commercial NAs, fresh 

NAFCs, and aged NAFCs revealed that gene networks involved in xenobiotic metabolism, drug 

metabolism, and xenobiotic clearance are most affected by fresh and aged NAFCs, and even 

more so by commercial NA exposure [71]. These studies provide evidence that NAFCs can 

induce toxicity by AhR-mediated metabolism, potentially leading to an increased production of 

electrophilic species and ROS that can damage cells and DNA.  

 

2.3.4. Cardiac-Specific Toxicity 

 Cardiotoxicity is a major mechanism by which NAFCs elicit toxicity in fish during the 

embryo stage of development [77,80–82]. This form of toxicity occurs during organogenesis; a 

vital development period during the embryo state, whereby the heart begins to develop and 
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become functional [17,45,52]. Studies investigating the cardiotoxicity of NAFCs on fish have 

shown that fathead minnow embryos exposed to concentrations between 5.5 and 12.2 mg/L have 

a 10% inhibition in heart rate (IC10) at 2 dpf [80]. When exposed to 20 mg/L of commercial 

NAs, heart development problems and mortality occurred in 100% of exposed Japanese medaka. 

At concentrations below 20 mg/L, circulatory stress such as poor circulation and blood pooling 

at the tail and over the yolk sac was also reported [97]. Defects in the embryo heart following 

exposure to OSPW-NAFCs has shown to precede a suite of malformations at hatch. The most 

prevalent malformations in fish include cardiovascular (pericardial edema, tube heart, and 

hemorrhaging), craniofacial (microphthalmia, and small or large jaws), spinal curvatures 

(lordosis, kyphosis and scoliosis), and peritoneal (yolk-sac) malformations. These malformations 

have been observed in walleye [81,82],  yellow perch, Japanese medaka [97], and fathead 

minnow [77,80,81] following embryo exposure to OSPW-NAFC.  

 The exact mechanism by which NAFCs induce malformations in early-life stages of fish 

is currently unknown. Strong AhR agonists have shown to cause cardiotoxic effects in 

developing embryos [21], suggesting that NAFC-induced malformations could be AhR-

dependent. Additionally, fathead minnow embryos exposed to commercial NAs, fresh NAFCs 

and aged NAFCs have altered gene networks involved in Ca2+ regulation, arteriogenesis, vein 

blood flow, bone formation and skeletal development [71]. Therefore, the onset of 

malformations could also be secondary to cardiovascular dysfunction [57], or by alterations in 

developmental gene expression. Studies investigating the toxicity of NAFCs and NAs on embryo 

fish are outlined in Table 1.  
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Table 1. Reported toxicity results and test conditions for exposures of NAs and NAFCs to fish early-life stages. FHM = Fathead 

minnow (Pimephales promelas); WLE = Walleye (Sander vitreous); ZBF = Zebrafish (Danio rerio); JM = Japanese medaka (Oryzias 

latipes); YP = Yellow perch (Perca flavescens) 

NA Type NA Sample Test Condition Species Endpoint / Result Reference 

AEO 

fractions 

(F1-F5)a 

 

Fresh OSPW < 1 dpf to hatch; 

lab 

FHM F1: LC50 = 134 µM; NOECb (hatch length) > 211 µM and 

LOECc (hatch length) =117 µM; F5: LC50 = 59 µM; 

NOEC (hatch length) = 42 µM and LOEC (hatch length) = 

85 µM; (+) malformations  (mal.)c for F4 at 30 mg/L and 

50 mg/L 

[13] 

 

AEO 

fractions 

(F1-F3)d 

Fresh OSPW < 1 dpf to hatch; 

lab 

ZBF F1: LC50 = 291 µM; NOEC (hatch length) > 211 µM; F5:  

LC50 = 192 µM; NOEC (hatch length) = 141 µM; LOEC 

(hatch length) = 282 µM  

[13] 

AEO 

fractions 

(F1-F3) 

Aged OSPW < 1 dpf to 5 dpf; 

lab 

FHM F1: no significant effect; F2: (+) embryo heart rate (160 

beats/min) relative to whole OSPW (139 beats/ min); F3: 

(-) hatch success, (+) total mal. 

[15] 

AEO 

fractions 

(F1-F3) 

Aged OSPW < 1 dpf to 10 

dpf; lab 

ZBF F1: (-) length at hatch, (-) time to hatch; F2: no significant 

effects; F3: (-) length at hatch, (-) time to hatch 

[15] 

NAFC 

 

Fresh OSPW, 

aged 

a. Embryo: < 1 

dpf to hatch; 

lab 

b. Larvae: 96-

h; lab 

FHM a. LC50 = 32.8 mg/L 

b. LC50 = 51.8 mg/L 

[59] 

NAFC 

 

Aged OSPW < 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM Altered gene transcripts involved in xenobiotic 

metabolism and detoxification; immune system; endocrine 

and reproductive system; and the nervous system 

[71] 

NA 

 

Commercial NA < 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM Altered gene transcripts involved in xenobiotic 

metabolism and detoxification; immune system; endocrine 

and reproductive system; and the nervous system 

[71] 
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NAFC Fresh OSPW < 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM Altered gene transcripts involved in xenobiotic 

metabolism and detoxification; immune system; endocrine 

and reproductive system; and the nervous system 

[71] 

NAFC Aged OSPW < 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM IC10 (embryo heart rate) = 9.4-15.8 mg/L; cardiac abn.; 

EC50 (hatch success) = 12.4 mg/L; NOEC (hatch 

viability): 5.0 mg/L; LOEC: 10.1 mg/L 

[80] 

NA Commercial NA 

 

< 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM IC10 (embryo heart rate) = 2.5-4.0 mg/L; cardiac abn.; 

EC50 (hatch success) = 1.7-2.5 mg/L; NOEC = 0.31-0.63 

mg/L; LOEC = 0.63-1.25 mg/L 

[80] 

NAFC Fresh OSPW 

 

< 1 dpf to hatch; 

1 mL vessel in 

lab 

FHM IC10 (embryo heart rate) = 3.1-12.8 mg/L; cardiac abn.; 

EC50 (hatch success) = 5.0-9.3 mg/L; NOEC = 2.1 mg/L; 

LOEC = 4.1 mg/L 

[80] 

NAFC Fresh OSPW < 1 dpf to 21 d; 

1 L vessel in lab 

FHM Total mal.; EC50 (hatch success) = 21-26.3 mg/L; 1C10 

(length) = 22.2-30.2 mg/L); IC10 (mass) = 10.3-23.3 mg/L 

[81] 

NAFC Fresh OSPW < 1 dpf to 7 dph; 

1 L vessel in lab 

WLE Total mal.; EC50 (hatch success) = 8.2-12.0 mg/L [81] 

NAFC Fresh OSPW < 1 dpf to hatch; 

1 L vessel in lab 

WLE Total mal.; EC50 (hatch success) = 10.1-12.0 mg/L; (+) 

cy1a1 transcripts (AhR-mediated metabolism); (-) gpx1b 

(oxidative stress axis) and rps40 (ribosomal protein). 

[82] 

NA Commercial 

NA 

< 1 dpf to hatch; 

2 mL vessel in 

lab 

JM Heart development problems and 100% mortality ≥ 20 

mg/L; circulatory stress (poor circulation and blood 

pooling) and metabolic complications (decreased yolk 

utilization) < 20 mg/L; total mal.; DTECd = 1.51 mg/L; 

TECe = 5.18 mg/L 

[97] 

NA Commercial 

NA 

< 1 dpf to hatch; 

250 mL vessel 

in lab 

YP 100% mortality ≥ 20 mg/L; craniofacial and spinal mal.; 

DTEC = 1.67 mg/L; (-) growth at hatch ≥ 1.12 mg/L; TEC 

= 0.88 mg/L 

[97] 
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NA 

fractions 

Fresh OSPW, 

fractioned:  

a. Alicyclic NAs 

b. Aromatic 

NAs  

c. Esterifiable 

NAsf 

72 hpf to 168 

hpf; 50 mL 

vessel in lab 

ZBF a. LC50 = 11.2-14.9 mg/L  

b. LC50 = 7.8-8.3 mg/L 

c. LC50 = 3.8-7.0 mg/L 

 

 

[104] 

NA Commercial NA < 1 dpf to 168 

hpf; 2 mL vessel 

in lab 

ZBF Total mal.; LC50 = 7.4 mg/L; endocrine disruption 

biomarkers: (+) CYP19b (P450 aromatase) at 0.05 mg/L, 

0.5 mg/L and 2.5 mg/L, (+) ERα and ERβ2 at 0.05 mg/L, 

and ERα at 0.5 mg/L (estrogen receptors) 

[120] 

 

NA Unspecified 

OSPW 

< 1 dpf to 168 

hpf; 2 mL vessel 

in lab 

ZBF Total mal.; LC50 =  10.2 mg/L; endocrine disruption 

biomarkers: (+) CYP19b at 0.05 mg/L, 0.5 mg/L and 2.5 

mg/L, (+) ERα and ERβ1 at 0.5 mg/L, and ER β2 at 2.5 

mg/L, (+) VTG (vitellogenin; yolk precursor) at 0.5 and 

2.5 mg/L 

[120] 

 

a. AEO fractions (F1-F5) of increasing molecular weight, aromaticity, and degree of oxygenation 

b. No observed effect concentration 

c. Lowest observed effect concentration 

d. AEO fractions (F1-F3) of increasing polarity and degree of aromaticity 

e. Variation of severity and prevalence of craniofacial (microphthalmia, and small or large jaws), cardiovascular (pericardial and 

peritoneal edemas), spinal (lordosis, kyphosis and scoliosis) malformations, generally following a dose-dependent fashion of 

increasing NAFC/NA concentration 

f. Deformity threshold effect concentration (calculated as the mean of estimated LOEC and NOEC) 

g. Threshold effect concentrations (calculated as the mean of the LOEC and NOEC for length 

h. OSPW fraction comprised of a range of alicyclic and aromatic naphthenic monocarboxylic acids  
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2.4. Study Species  

 The model species for this study, the fathead minnow (family Cyprinidae), is one of the 

most widely used fish models for aquatic toxicology [9]. This omnivorous fish is found naturally 

in freshwater ecosystems throughout North America and, unlike zebrafish and Japanese medaka, 

are native to the Athabasca oil sands region [6,100]. Fathead minnows can withstand 

considerable stress in the wild and are tolerant to a wide range of water characteristics (pH, 

alkalinity, and temperature) [88]. The short-term toxicity test for early-life stage fathead minnow 

has been standardized [95] and proven be a reliable and sensitive method for quantifying the 

toxicity of complex effluents [16,92]. Embryogenesis of the fathead minnow occurs in a 

sequence of well-defined development stages that are visible through the clear chorion [115]. 

Embryogenesis takes approximately 4 to 5 days at 25 °C (16 h light:8 h dark), with the heartbeat 

and onset of circulation appearing within 30 to 35 hpf (hours post-fertilization) [115]. At hatch, 

the fathead minnow is well developed and can begin exogenous almost immediately [115]. 

Mortality, morphological abnormalities, and behavioural effects due to contaminant exposure are 

typical endpoints for early-life stage toxicity testing using fathead minnow [95].  

 

2.5. Study Rationale  

 As of 2015, over 1 billion m3 of OSPW has accumulated in tailings ponds, due in part to 

a “zero-discharge policy” that the industry has been required to follow (i.e. all OSPW must be 

held on site and are not to be released back into the environment) [78]. Given that there are 

massive volumes of OSPW in tailings ponds, there is a growing concern for the need to expand 

existing tailings management infrastructure, or to release OSPW back into natural surface waters 

[44]. As such, new policy directives are planning to intentionally release OSPW into Alberta’s 
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surrounding freshwater ecosystem [2], to unknown ecological consequences [112]. As there are 

currently no established toxicological or chemical guidelines to regulate the safe release of 

OSPW [44], understanding the ecological effects of an exposure is especially pressing.  

 Presently, a critical knowledge gap exists between laboratory and field-based studies 

concerning NAFC toxicity to fish early-life stages. Several studies have examined the toxicity of 

NAFCs to fish early-life stages under controlled laboratory conditions (See studies reported in 

Table 1). Additionally, there have been several studies on the health of free-living and stocked 

adult fish in reclamation ponds containing OSPW [49–51,60,90]. To date, no studies have 

investigated the toxicity of NAFCs to early-life stags of fish using a field-based approach, nor do 

they investigate sublethal endpoints. Field-based ecotoxicity studies can provide more 

ecologically relevant and realistic exposure scenarios. Thus, information from field-based studies 

can provide a stronger link between potential exposures and toxicity estimates for ecological risk 

assessments and regulatory policies [103]. Considering OSPW is set to be released into the 

environment, water quality standards for the most toxic constituent of OSPW must be 

determined. As such, the purpose of this study is to inform and influence future policies that will 

regulate the safe release of OSPW constituents into Alberta’s freshwater ecosystems. 

 The present study will investigate the cardiotoxicity and behavioural toxicity of OSPW-

NAFCs to embryo fathead minnow in a semi-natural setting. Behavioural toxicity was included 

in this study because behavioural endpoints are useful indicators of sublethal toxicity from low-

level contaminant exposures [101]. Behavioural assays provide further insight into individual- 

and community-level effects from a contaminant exposure, which may be overlooked by 

standard toxicological methods that may only quantify lethal endpoints. Furthermore, this study 

will be in collaboration with a subsequent study that will raise the exposed fish to later life stages 
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in large, outdoor mesocosms filled with filtered lake water, to assess potential latent, sublethal 

toxicity. Although information on the subsequent study is beyond the scope of this thesis, both 

studies will contribute to informing future regulatory policies for OSPW management.  

 

2.6. Objectives, Hypothesis and Predictions 

 The objective of the present study is twofold. Firstly, to evaluate the cardiotoxicity of 

OSPW-NAFC to fathead minnow embryos (O1), and secondly, to investigate the behavioural 

toxicity of OSPW-NAFC to fathead minnow embryos (O2). The present study uses multiple 

ecologically relevant indicators of toxicity to contribute to a better understanding of the toxicity 

OSPW-NAFC to fish in the Athabasca region. These endpoints include embryo heart rate, 

embryo mortality and hatch viability, prevalence and severity of malformations, dry mass at 

hatch, and basal activity at hatch.  

 Our research goal has led to my hypothesis that exposure to OSPW-NAFC during the 

embryo state affects cardiac development in fish (H1). I predict that exposed fathead minnow will 

show a higher incidence of mortality, stunted development (malformations and reduced growth) 

and reduced heart rate. Further, these effects will be observed in a concentration-dependent 

fashion of NAFC concentrations (P1). Additionally, I hypothesize that exposure to OSPW-NAFC 

affects neurophysiological function in fish (H2). I predict that newly hatched fathead 

minnow will show significantly elevated twitching activity relative to the control (P2). Finally, I 

hypothesize that behavioural endpoints will be the most sensitive indicator of toxicity quantified 

in this study (H3). I predict that the lowest observable effect concentration (LOEC) of P2 will be 

lower than that of P1 (P3).  

   



 18 

3. METHODS 

3.1. Study Site  

 We conducted the experiment at Queen’s University Biological Station (44°33'55" N 

76°19'35" W; QUBS) near Elgin Ontario, Canada, from July 15-21, 2019. The experiment took 

place in a semi-natural enclosure that allowed for natural temperature and light variation 

throughout the duration of the experiment (Figure A1 and A2 in Appendix A).  

 

3.2. Source of OSPW-NAFC 

 In 2011, approximately 2000 L of OSPW was collected from an active tailings pond, 

previously referred to as “2011 Industry A Fresh” [80]. NAFCs were extracted and purified from 

the sample as described by Frank et al. [31]. The final concentration of the NAFC stock was 

determined to be 2636 mg/L via negative-ion electrospray ionization high resolution mass 

spectrometry (ESI-HRMS, Orbitrap) in the Environment Canada laboratory in Saskatoon, 

SK using the method described by Headley et al. [47]. The presence of 15 priority PACs were 

previously analyzed by gas chromatography mass spectrometry (GC-MS) [74]. On June 18, 

2019, 500 mL of the NAFC stock solution was transferred to Queen’s University (Ontario, 

Canada) and stored at 4 °C until further use.  

 

3.3. Test Solutions and Analytical Procedures 

 The standard operating procedures used for the present study are provided in Appendix 

B.  Briefly, we used 8 NAFC treatment concentrations (2.5, 6.5, 10, 14.5, 21, 29.5, 40, and 54 

mg/L of nominal NAFC, herein referred to as nNAFC) and a negative control, for a total of 9 

exposure solutions. The working stocks were prepared by diluting the 2636 mg/L NAFC stock. 
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Volumes of NAFC stock needed to prepare 10 L working stocks for 6 nNAFC solutions (2.5, 

6.5, 10, 14.5, 21, and 54 mg/L) were measured using a glass graduated cylinder in the laboratory 

at Queen’s University. The volumes of NAFC stock were stored in clear glass bottles covered in 

tinfoil and immediately transported to QUBS in a cooler. At QUBS, the bottles were stored at 4 

°C until further use.  

 Prior to the preparation of working stock solutions, treatment containers (10 L Reliance 

Rectangular Aqua Pak Water Container; 24 x 19 x 30.5 cm) were rinsed and cleaned with 

dilution water (lake water from Lake Opinicon). The 10 L working stock solutions were prepared 

for the 6 treatment concentrations by adding the calculated volume of NAFC stock and filtered 

dilution water. The appropriate NAFC stock solutions were placed inside the treatment 

containers containing filtered dilution water, mixed for 3 minutes, left to sit for 10 minutes, then 

mixed for another 3 minutes, to ensure homogenization of the working stocks. The pH of the 

working stock solution was lowered to 8.3 ± 0.1 using 0.1 M hydrochloric acid. The working 

stock prepared for the highest treatment concentration (54 mg/L of NAFC) was used to make 6 L 

and 5 L of the 40 and 29.5 mg/L nNAFC, respectively (Table C1). 

 

3.4. Microcosm Set-Up  

 For the embryo exposure, we used 3 replicates per treatment, for a total of 27 microcosms  

(1 L glass jars, Bernardin, 18 cm x 86 mm). Prior to the experiment, microcosms were washed, 

then triple rinsed with dilution water. On Day 0 (6 hours prior to embryo exposure), microcosms 

were filled with the appropriate working stock solution, while controls were filled only with 

filtered dilution water. Exposure solutions were renewed every 3 days, excluding the 54 and 40 

mg/L treatment. The microcosms were placed inside a secondary containment filled with dilution 
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water, which acted as a buffer against temperature fluctuation. To maintain dissolved oxygen 

(DO) levels, individual microcosms were continuously aeriated using an aeration manifold. 

   

3.5. Egg Collection and Maintenance 

 At Aquatox Testing and Consulting Inc. (Guelph, Ontario, Canada), fathead minnow 

eggs (n=1400) were reared from a minimum of 10 breeding pairs. Within 24 hpf, eggs were 

transported to QUBS in 25 °C and immediately allowed to acclimate to dilution water by a slow 

addition of filtered dilution water to Aqualab water. Embryos were randomly divided and added 

into the microcosms, which totaled to 45 to 50 embryos per microcosm. In the microcosms, 

salinity (ppm) and conductivity (μs) was measured on Day 0 using a Hana meter (H198129). DO 

and pH was measured once daily using a Hach meter (HQ40d). Light intensity (lum/ft2) and 

temperature (°C) were continuously monitored using HOBO data-loggers (Onsert, Bourn, Maine, 

USA) placed inside the secondary containment and an additional microcosm for the duration of 

the experiment. All animal procurement and experimental procedures were carried out in 

accordance with the approved consent of the Queen’s University Animal Care Committee 

(protocol no. 2018-1829). 

 

3.6. Fathead Minnow Assessment 

3.6.1. Embryo Heart Rate 

 At 96 hpf, individual fathead minnow embryos (N=9/treatment) were randomly chosen 

and placed in 24-well microplates (Thermo Scientific™ BioLite Microwell Plate; 1 mL 

volume/well). Embryos were allowed to acclimate for 3 minutes prior to the heart rate 

assessment. Following the acclimation period, individual embryos were video recorded for 30 
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seconds, to obtain an average heartbeat/minute [80]. For the duration of the assay, embryos 

remained submerged in their corresponding treatment solution. Following the assay, embryos 

were immediately returned to the microcosm from which they were sampled from. 

 

3.6.2.  Mortality and Hatch 

 Observations on embryo mortality, hatch success, and viability at hatch were made once 

daily at the same time each day. Here, embryo mortality was defined as the percentage of 

embryos that did not live to complete the hatching process. Embryos were counted as dead if an 

opaque discolouration followed by an absence of body movement was observed. Dead embryos 

were removed as soon as possible to avoid decomposition, unless removal would disrupt 

surrounding embryos [93]. Premature hatches were defined as hatches that occurred between 48-

96 hpf, based on the guidelines for fathead minnow embryo development [93]. Early hatches 

were considered a successful hatch in this study, which remains consistent with previous fathead 

minnow toxicity studies [77]. Lastly, hatch viability was defined as the percentage of eggs that 

produced active, alive, fully hatched embryos without severe malformations. Hatch viability was 

evaluated binomially (0 = non-viable; 1 = viable) for fish that were assessed for malformations at 

hatch (see Section 2.6.3). Fish exhibiting more than two mild malformations, or one moderate to 

severe malformation, were considered non-viable [80]. 

 

3.6.3. Malformations 

 Newly hatched fathead minnow (N=296) from 120-168 hpf were analyzed for 

malformations under a microscope on day of hatch. Embryos that hatched prior to 120 hpf were 

generally more underdeveloped and thus could not be included in the assessment for an accurate 

analysis. Embryos were euthanized in 0.2% (m/v) buffered tricaine methanesulfonate (MS-222; 
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2:1 with NaCO3) and placed in 24-well microplates to be photographed using a custom-built 

camera with a macro zoom lens. Euthanized fish were pooled by replicate and immediately 

stored at -20 °C. Photographs were analyzed for prevalence and severity of malformations post 

hoc on four indices: cardiovascular, craniofacial, myoskeletal, and peritoneal. Each of the four 

indices were scored using integer values from 0 to 3, where 0 = no observable effect, 1 = mild 

effect, 2 = moderate effect, and 3 = severe effect. The four indices were summed to obtain the 

overall severity index score per fish [117]. Blind and double-blind analysis were performed 

independently by 3 researchers and the final score was the average of the three independent 

scores. The scoring guide used in this experiment was adopted and modified from Villalobos et 

al. [118] and covers the most prevalent malformations observed for fathead minnow exposed to 

OSPW-NAFCs [77,80] and OSPW [45] (Table 2). A glossary of terms for the malformations is 

provided in Appendix D.  

 

Table 2. Severity index scoring guide for Pimephales promelas malformations at hatch 

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 

exophthalmos 

One/multiple spinal 

curvatures (lordosis, 

kyphosis, scoliosis)  

Moderate yolk 

edema 

3 

Severe pericardial 

edema, tube heart 

and/or hemorrhaging  

Microphthalmia, 

microcephalia and/or 

anencephaly 

Severe spinal 

curvature and/or 

complete stunted 

development 

Severe yolk 

edema 
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3.6.4. Dry Mass 

 Fathead minnow (N=279) dry mass (mg) at hatch was measured in the laboratory at 

Queen’s University in the Fall of 2019. Prior to the drying process, fish were allowed to defrost 

for 24 h. Vials were then centrifuged briefly and placed inside the drying oven for another 24 h 

in 70 °C (Quincy Lab, Inc., Chicago, Il., Model A1-2052) [93]. Individual vials were weighed 

using an analytical balance (Thermo Fisher Scientific, Denver Instrument P-403, ± 0.001 g) with 

the pooled replicates and again without the pooled replicates, to obtain the dry mass of pooled 

fish. The pooled dry mass was divided by the number of fish in the corresponding vial, to obtain 

the average dry mass per fish.  

 

3.6.5. Basal Activity 

 A subset of newly hatched fish (N=9/treatment) were randomly chosen and placed in 6-

well microplates (Thermo Scientific™ BioLite Microwell Plate; 3 mL volume/well) in their 

corresponding treatment solution. Video cameras (Cannon HF R800) were mounted overhead of 

each microplate. A total of 3 fish per microcosm were placed inside a microplate well, and only 

1 well was used at a time per microplate. In this study, basal activity was assessed communally 

rather than individually. The rationale was that these conditions would most likely reflect a 

natural scenario, as eggs are laid in very close proximity to one another. Groups of fish were 

allowed to acclimate for 3 minutes in the microplates, upon which the 3-minute activity 

assessment began. Recording was initiated prior to the acclimation period in order to minimize 

any external disturbances once the assessment began. In this way, fish were left undisturbed for a 

total of 6 minutes. Trials began with the controls, then in order of increasing treatment 

concentration. Following a trial, fish were euthanized in MS-222, pooled by replicate, and stored 

at -20 °C. 
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3.7. Test Solution Analysis 

 On Day 0 and Day 2, water samples of each exposure solution were taken in 250 mL 

Amber glass bottles (Fisher Scientific). 500 mg/L water samples were taken on Day 6 for each 

exposure solution, except for the 54 mg/L treatment of nNAFC. The bottles were immediately 

stored at -4 °C, and later transported to Queen’s University to be stored at -4 °C. The speciation, 

size distribution, and measured treatment concentration of the samples were determined by ESI-

HRMS at the Environment Canada laboratory in Saskatoon, SK in the Fall of 2019. 

 

3.8. Statistical Analysis 

 All statistical analyses were performed using R programming software version 3.6.2 

[113] and GraphPad Prism version 8.2.0 [38]. Binomial data (normalized embryo mortality and 

hatch viability) was analyzed by generalized linear mixed models (GLMM; R package ‘lme4’ 

and ‘multcomp’) fit by maximum likelihood (Laplace Approximation), to assess the effect of 

exposure concentration between replicates (random effect) and treatments (fixed effect). Non 

log-transformed data was used to compute each GLMM, which was chosen based on the lower 

Akaike information criterion value from the model output, indicating a better fit. Post-hoc 

analysis was conducted by Dunnett’s test for generalized linear models. Concentration-response 

curves were visualized using GraphPad Prism, and the associated LC50 for embryo mortality and 

EC50 for hatch viability was determined using the Sigmoidal Four-Parameter Logistic model. 

Quantitative data (embryo heartbeat/min., dry mass and basal activity at hatch) was analyzed by 

a one-way analysis of variance (ANOVA). When data met the assumptions for normality 

(Shapiro-Wilk test) and homoscedasticity (Brown-Forsynthe test), ANOVAs were used followed 

by Dunnett’s post-hoc test. Data that did not meet parametric assumptions (basal activity) was 
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analyzed by Kruskal-Wallis test, and pairwise comparisons were analyzed by Dunn’s test with 

Bonferroni adjustment method (R package ‘FSA’). The IC10 for embryo heart rate was 

determined using the Sigmoidal Four-Parameter Logistic model in GraphPad Prism. For LC50, 

EC50 and IC10 values, if 95% confidence intervals could not be computed, 90% confidence 

intervals were reported. Ordinal responses (total malformation severity index score) was 

analyzed by Kruskal-Wallis test using ranked sums. Pairwise comparisons were analyzed using 

Dunn’s test with Bonferroni adjustment method.  

 

4. RESULTS 

4.1. Test Solutions 

 ESI-HRMS profiling showed that the NAFC test solutions were composed primarily of 

O2 species (i.e. monocarboxylic acids with the general structure of CnH2n+zO2) [80]. The 

percentage of O2 species expectedly increased with increasing treatment concentration, from 

77% to 95% of the class distribution. Other classes of organics detected in the test solutions 

included O, O2S, O4, S2, and N2. The class distribution increased in complexity as more dilution 

water was present in the sample (i.e. an increase in abundance of O3-O8, OS4, O2S, N2O2, N2O3, 

and NO2S species). Examination of the degree of saturation (double bond equivalents; DBE) and 

carbon number showed that the NAFC structures were dominated by 2- to 4-ringed compounds 

(3 to 5 DBE, [1]) with carbon numbers of 13 to 16 (Figure C1). Measured concentrations 

deviated from nominal concentrations of NAFC (Table C2). Analysis of PAC content in the 

NAFC extract was previously reported to be present in trace or undetectable amounts [80]. 

 



 26 

4.2. Microcosm Conditions 

 Temperature and light intensity varied considerably during the study, which was expected 

due to the semi-natural set-up of the experiment. A minimum temperature of 18.4 °C at 96 hpf 

and a maximum temperature of 29.0 °C at 120 hpf was observed during the duration of the 

experiment. However, mean average temperature remained centered around 25 ± 2 °C, which is 

the optimal temperature for short-term toxicity tests using fathead minnow embryos [93] (Figure 

3). The photoperiod of this experiment was logged at 14 h light:10 h dark using HOBO data-

loggers. Daily temperature and light conditions are outlined in Table E1. For the duration of the 

assay, DO concentrations remained above 7.5 mg/L and pH values ranged between 7.5 to 9 [24]. 

On Day 0, conductivity and salinity were measured at 189 μs and 96 ppm, respectively. 

Figure 3. Mean temperature (°C; A) and light intensity (lum/ft2; B). Data was obtained using 

HOBO data-loggers (Onsert, Bourn, Maine, USA) stationed in an additional microcosm. Data 

are represented as mean ± SD. Red lines denote the optimal temperature (25 ± 2 °C) for 

Pimephales promelas embryo short-term toxicity tests.  

 

4.3. Embryo Heart Rate  

 At 96 hpf, a significant difference in embryo heart rate was observed between treatments 

versus the control (ANOVA, F (7,66) = 22.86, p < 0.0001; Figure 4) and, in general, followed a 

concentration-dependent relationship of increasing nNAFC. Embryo heart rate was significantly 
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reduced in the 6.5 mg/L (Dunnett’s, p < 0.0001), 10 mg/L (p < 0.01), 14.5 mg/L (p < 0.001), 21 

mg/L (p < 0.001), 29.5 mg/L (p < 0.0001), and 40 mg/L (p < 0.0001) treatment relative to the 

control. Assumptions tested for normality (Shapiro Wilk, p = 0.98) and equal variance (Brown-

Forsynthe, p = 0.49) among residuals concluded there is no evidence to say the residuals are not 

normally distributed or do not have equal variance. The IC10 was 19.50 mg/L (8.90 to 26.42 

mg/L, 90% confidence).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Concentration-response curve for Pimephales promelas embryo heart rate at 96 hours 

post-fertilization. Data are represented as means ± SD across three replicates. The x-axis 

represents the log-transformed concentrations of nominal naphthenic acid fraction components 

from oil sands process-affected water. The dotted line and shaded area represent the 10% 

inhibiting concentration of 19.50 mg/L with a 90% confidence interval of 8.90 to 26.42 mg/L. 

Asterisks denote significant difference from control (p < 0.01**, < 0.001***, < 0.0001****, one-

way ANOVA followed by Dunnett’s test).  

 

 

4.4. Mortality and Hatch 

 The logistic regressions showed a significant effect for nNAFC concentration on embryo 

mortality (GLMM, b = -1.74, z = -4.01, p < 0.0001) and hatch viability (b = 2.15, z = 5.95, p < 

0.0001). A pronounced concentration-dependent relationship was observed for both endpoints, 

where normalized mortality rates increased with increasing exposure concentration, and the 
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percentage of viable hatches decreased with increasing exposure concentration (Figure 5). Post-

hoc analysis showed that mortality was significantly greater in the 29.5 mg/L (Dunnett’s, b = 

2.87, z = 4.68, p < 0.0001), 40 mg/L (b = 5.11,  z = 7.68, p < 0.0001) and 54 mg/L (b = 6.52, z = 

7.82, p < 0.0001) treatment. Of the 296 fish analysed for viability, 87 (29.29%) were non-viable 

hatches. Similar to the mortality results, the percentage of non-viable hatches relative to the 

control was significantly greater in the 21 mg/L (b = -2.45, z = -4.96, p < 0.0001) and 29.5 mg/L 

(b = -3.15, z = -4.54, p < 0.0001) treatment. The 29.5 mg/L treatment was the highest 

concentration of nNAFC analyzed for hatch viability, as nearly all embryos had died in the 40 

mg/L and 54 mg/L treatment prior to hatching. Additionally, data between replicates for the 29.5 

mg/L treatment was pooled to increase sample size. The calculated LC50 for embryo mortality 

was 26.73 (23.88 to 29.71 mg/L, 95% confidence) of nNAFC. The calculated EC50 for hatch 

viability was 14.32 mg/L (12.36 to 17.38 mg/L, 90% confidence) of nNAFC. Variance from the 

replicates was minimized to 0.47 ± 0.68 for embryo mortality, and 0.67 ± 0.82 for embryo hatch 

viability. Lastly, embryos from the control met the overall survival acceptability standard of 60% 

for the test species at 82.31 ± 11.99% [93]. 
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Figure 5. Normalized concentration-response curves for Pimephales promelas embryo mortality 

(A) and viability at hatch (B). Data are represented as means ± SD across three replicates. The x-

axis represents the log-transformed concentrations of nominal naphthenic acid fraction 

components from oil sands process-affected water. Nearly all embryos exposed to the 40 and 54 

mg/L treatment did not live to the hatch and were excluded from the hatch viability dataset. The 

dotted line and shaded area represent the median lethal concentration of 26.73 mg/L with 95% 

confidence interval of 23.88 to 29.71 mg/L (A); and the median effective concentration of 14.38 

mg/L with 90% confidence interval of 12.36 to 17.38 mg/L (B). Asterisks denote significant 

difference from control (p < 0.0001****, generalized linear mixed model followed by Dunnett’s 

test).  

 

 In addition to a concentration-dependent effect of nNAFC concentration on embryo 

mortality and hatch viability, hatching alterations were observed in this study. For the control 

and for embryos exposed to concentrations below and including 21 mg/L, peak hatch occurred 

between the expected time frame of 120 to 144 hpf for the test species [17]. Time of peak hatch 

for embryos exposed to concentrations above the LC50 such as the 29.5 mg/L treatment occurred 

prematurely at 72 hpf. The few fish that did hatch in the 40 mg/L (N=6) and 54 mg/L (N=3) 

treatment hatched prematurely between 48 to 72 hpf.   

 

4.5. Malformations 

 The prevalence and severity of malformations in newly hatched fathead minnow 

increased with increasing exposure concentration. The Kruskal-Wallis test showed that there are 
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significant differences between treatments (X2(5) = 41.43, p < 0.0001) for total severity index 

scores. Pairwise comparisons showed that there is a significant effect in the two highest 

treatments analyzed relative to control fish, the 14.5 mg/L (Dunn’s, z = -2.97, p < 0.05) and the 

21 mg/L (z = -5.79, p < 0.0001) treatment. Cardiovascular malformations were the most 

observed malformation among fish and were present in 81.51% of all non-viable hatches. This 

trend was followed by craniofacial (68.96%), myoskeletal (60.9%) and peritoneal (26.44%) 

malformations. Spinal curvatures including kyphosis, lordosis, scoliosis, and bent, was observed 

in this study. Visible hemorrhaging from the face and yolk sac was noted in 4 non-viable fathead 

minnows and fin-fold abnormalities was observed in 11 non-viable fathead minnows. 

Malformations often co-occurred with one another (Figure 6).
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Figure 6. Percentage of Pimephales promelas displaying malformations at hatch following embryo exposure to naphthenic acid 

fraction components from oil sands process-affected water. A) Cardiovascular (pericardial edema, hemorrhaging); B) Myoskeletal 

(spinal curvature); C) Craniofacial (altered head, eye and jaw development); D) Peritoneal (yolk sac edema). A subset (N= 296) of 

newly hatched fish were photographed and scored post-hoc from 0-3 for each of the four indices based on a severity index scoring 

guide (0 = no observable effect, 1 = mild, 2 = moderate, and 3 = severe). Scores were summed to obtain the overall severity index 

score: E) Total. Blind and double-blind analysis were performed on each photograph, and the data was pooled across three replicates 

(N=45-50/treatment). Asterisks denote significant difference from control (p < 0.05*, < 0.0001****, Kruskal-Wallis followed by 

Dunn’s test; analyzed for total malformations only).
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4.6. Dry Mass  

 A significant difference in the dry mass of newly hatched fathead minnow was observed 

in this experiment (ANOVA, F (6, 29) = 7.60, p < 0.0001; Figure 7). Average dry mass 

generally increased with increasing exposure concentration and was significantly greater in the 

29.5 mg/L treatment relative to the control (Dunnett’s, p < 0.0001). The 29.5 mg/L treatment, 

however, had a smaller sample size of fish (N = 10) compared to the control and to the other 

treatments analyzed (N = 40-48), as significantly fewer hatches had occurred in the 29.5 mg/L 

treatment. Assumptions were tested for normality (Shapiro Wilk’s, p = 0.97) and equal variance 

(Brown-Forsynthe, p = 0.17) among residuals, concluding there is no evidence to say the 

residuals are not normally distributed or do not have equal variance.  

Figure 7. Pimephales promelas average dry mass at hatch. Data are represented as means ± SD 

across 5 vials pooled by replicate (N=40-48). Significantly fewer embryos lived to hatch in the 

29.5 mg/L treatment (3 vials, N = 10). The x-axis represents the log-transformed concentrations 

of nominal naphthenic acid fraction components from oil sands process-affected water. Nearly 

all embryos exposed to the 40 and 54 mg/L treatment did not live to the hatch and were excluded 

from the dataset. Asterisks denote significant difference from control (p < 0.0001****, one-way 

ANOVA followed by Dunnett’s test).  
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4.7. Basal Activity 

 At hatch, a significant treatment-level effect was observed for twitching movement 

(X2(5) = 25.08, p < 0.001), which occurred between newly hatched fish pre-exposed to sublethal 

concentrations of nNAFC and to concentrations near the LC50. Fish exposed to 21 mg/L 

displayed significantly elevated twitching movements relative to fish exposed to 2.5 mg/L 

(Dunn’s, z = -3.22, p < 0.05). As well, fish exposed to 29.5 mg/L displayed significantly elevated 

twitching movements relative to the fish exposed to 2.5 mg/L (z = -4.29, p < 0.001) and 6.5 mg/L 

(z = -3.55, p < 0.01, Figure 8). Significantly elevated twitching activity was characterized by 

repetitive, circular movements that did not propel the fish forwards. A loss of equilibrium was 

consistently observed for fish displaying elevated twitching patterns. Refer to Appendix F for 

the descriptive and test statistics for each endpoint analyzed in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Pimephales promelas twitching activity at hatch. Data are represented as means ± SD 

across three replicates during the 3-min assay in treatment solution. The x-axis represents the 

log-transformed concentrations of nominal naphthenic acid fraction components from oil sands 

process-affected water. Fish exposed to concentrations above the LC50 displayed significantly 

elevated patterns of twitching characterized by repetitive, circular movements and a loss of 

equilibrium compared to fish exposed to sublethal concentrations. Nearly all embryos exposed to 

the 40 and 54 mg/L treatment did not live to the hatch and were excluded from the dataset. Two 

variables with the same symbol denotes a significant difference (p < 0.05η, < 0.01ν,  < 0.001ω, 

Kruskal-Wallis followed by Dunn’s test).  
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5. DISCUSSION 

 The results of this study indicate that NAFCs from OSPW induce cardiotoxicity and 

locomotory alterations in early-life stages of fish native to the Athabasca region. These findings 

are consistent with previous studies that investigated the effect of NAFC and OSPW exposure on 

developing fathead minnow [45,77,80–82,111]. This study is the first of which to test these 

parameters in a semi-natural setting. Importantly, this research provides critical toxicological 

information that will aid the establishment of safe-release thresholds for the main toxic 

constituent of OSPW in freshwater environments.  

 

 Objectives, Hypothesis and Predictions: The first objective (O1) of this study was to 

evaluate the cardiotoxicity of OSPW-NAFC to embryo fathead minnow. A significant reduction 

in embryo heart rate was observed, followed by a significant increase in embryo mortality, non-

viable hatches, malformations at hatch, and average dry mass at hatch. The effect of NAFC 

treatment concentration on the respective endpoints was generally concentration-dependent. 

These findings are consistent with my first hypothesis (H1) and prediction (PI), except for the 

observed increase in average dry mass at hatch with increasing treatment concentration. The 

second objective (O2) of this study was to investigate the effect of OSPW-NAFC on the basal 

activity level of newly hatched fathead minnow. Fish that survived at 21 mg/L and 29.5 mg/L 

displayed significantly elevated patterns of erratic twitching relative to fish exposed to sublethal 

concentrations of 2.5 mg/L and 6.5 mg/L. These findings are consistent with my second 

hypothesis (H2), that exposure to OSPW-NAFC affects basal activity in fish early-life stages, but 

not my second prediction (P2), that fathead minnow will show significantly elevated twitching 

movement relative to control fish. Because P2 was not supported, the results are not consistent 
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with my third prediction (P3), that P2 will have a lower LOEC than that of P1. Although 

insignificant from control, alterations in locomotory activity was observed between 2.5 mg/L 

relative to 29.5 mg/L, which is below the LOEC of 6.5 mg/L calculated for P1. This observation 

was not predicted to occur and could be a novel finding in the present study. 

 

Embryo Heart Rate: Embryo heart rate followed an inverse relationship of increasing 

treatment concentration, with concentrations at and above 6.5 mg/L causing a significant 

reduction in heart rate. The IC10 of 19.50 mg/L (8.90 to 26.43 mg/L) was much higher than the 

previously reported IC10 of 5.5 mg/L (3.1-9.3 mg/L) for fathead minnow embryos exposed to 

fresh NAFC [80]. Nonetheless, the results of this study show that a 10% reduction in embryo 

heart rate precedes patterns of mortality (LC50 = 23.88-29.71 mg/L) and malformations (EC50 = 

12.36-17.38 mg/L) at hatch, consistent with the reported results by [80]. This general trend has 

been observed in fish embryo exposed other petroleum-based compounds such as PACs. 

Numerous studies have reported the onset of abnormal heart rhythms such as arrhythmias and 

bradycardia, followed by embryo mortality, or the onset of pericardial edemas, craniofacial and 

spinal malformations at hatch [54,56,57].  

NAFCs may be altering cardiac development and Ca2+ handling in exposed embryos, 

thereby leading to reduced cardiac output. Experiments with isolated cardiomyocytes from tuna 

have demonstrated that PACs disrupt the heart by interfering with excitation-contraction 

coupling, which involves disruption of intracellular Ca2+ handling [18]. OSPW has shown to 

significantly downregulate genes involved in cardiomyocyte differentiation and Ca2+ transport in 

zebrafish embryos [74]. Fathead minnow embryos exposed to OSPW and NAFCs similarly 

display altered gene networks involved in cardiac development and Ca2+ regulation [71,98]. 
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Altered rhythm and contractility during heart development can lead to morphological defects of 

the heart [8]. Morphological defects such as tube-shaped hearts have been observed in fish 

exposed to NAs [97], NAFCs [77,80,81] and OSPW sediments [116]. Furthermore, transient 

exposure to crude oil during embryo development has been linked to subtle changes in heart 

morphometrics [55]. As a result, a significant reduction in swimming performance of adult 

zebrafish [52], juvenile pink salmon (Oncorhynchus gorbuscha) and juvenile Pacific herring 

(Clupea pallasii) has been observed [55]. Future research should aim to investigate the long-

term, latent effects of an embryo exposure to OSPW-NAFC, on the heart morphology and 

swimming performance of fish.  

It is worth noting that other studies have reported conflicting results for embryo heart rate 

when exposed to OSPW and NAFCs. For example, a significant increase in fathead minnow 

embryo heart rate has been reported following exposure to fractionated aged OSPW-NAFCs 

when compared to aged OSPW [15]. Other studies have reported no substantial difference in 

embryo heart rate following exposure to bitumen-containing sediments [74] and aged OSPW 

[116]. Differences in the source, chemical composition, and complexity of organics would likely 

affect toxicity and toxic modes of action of a particular extract. For example, the addition of salts 

has been reported to reduce the acute and chronic toxicity of NAFCs to fathead minnow embryos 

and larvae [59]. As well, fresh OSPW-NAFC has consistently been reported as being more 

acutely toxic than aged OSPW-NAFC [30,75,80].  

In addition to disrupting cardiac output, NAFCs could be initiating a physiological stress 

response in exposed fish, which could explain the reported variability in heart rate observed in 

this study and within the literature. Exposure to petroleum-based compounds at sublethal 

concentrations have shown to stimulate oxygen consumption of embryos [53,67], potentially as a 
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stress response. An increase in oxygen consumption would cause an increase in embryo heart 

rate [48]. Elevated basal cortisol has been observed in adult fish exposed to OSPW [70]. For 

embryos, an increase in oxygen consumption has been attributed to the observed premature 

hatching in OSPW-exposed fish [45], providing evidence that OSPW can induce a stress-related 

response in fish. While possible, this explanation requires further investigation. Future research 

should focus on investigating the effect of the stress response in embryos exposed to OSPW-

NAFC to clarify these findings.    

 

 Embryo Mortality: The LC50 was found to occur at 26.73 mg/L (23.88-29.71 mg/L) in 

this study. This value is in agreement with the previously reported LC50 for this test species 

exposed to fractionated AEOs (LC50 = 21.1-31.6 mg/L) [13] and to aged OSPW-NAFC (LC50 

= 32.6-32.8 mg/L) [59]. A somewhat lower toxicity was observed than the LC50 previously 

reported for early-life stages of fish exposed to fresh NAFCs (LC50 = 3.8-14.9 mg/L) [104,120] 

and commercial NAs (LC50 = 1.9-7.4 mg/L) [62,120]. Considering that the NAFC extract used 

in the present study was derived from an active settling basin, narcosis is the probable mode of 

action for acute toxicity. Orbitrap analysis of the NAFC extract confirmed that the sample had an 

NAFC profile characteristic of fresh NAFCs [80] with suggested narcosis-like effects [30,32]. 

 Here, a lower toxic potency was observed for fathead minnow in comparison to previous 

studies that exposed fish to fresh NAFCs. Species-specific sensitives could play a role in the 

overall toxicity of an NAFC extract. For example, the chorion of fathead minnow embryos is 

thicker and has smaller pores than the chorion of zebrafish [69]. This suggests that there could be 

less permeability of NAFCs for fathead minnow embryos, thereby reducing toxicity to some 

degree. It is also possible that the composition of the extract changed since the time of extraction, 
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which would alter its inherent toxicity. Results by Bauer et al. [13,15] provide strong evidence 

that NAFC toxicity is highly dependent on the relative size, polarity, and complexity of organics 

present in the mixture [12,14]. Potential interactions and synergistic effects of NAFC compounds 

could influence the toxic profile of mixtures, as well. NAFC compounds of similar molecular 

weight and carbon number have additionally been reported to display different toxic potencies 

depending on the chemical structure of the compound [33]. Taken together, the chemical 

complexities of NAFCs present, in addition to the lack of standardized analytical methodologies 

for the extraction and analysis of NAFCs, may preclude the simple generalization of acute 

toxicity across studies.  

 

 Hatch Viability and Malformations: The prevalence and severity of malformations at 

hatch were consistent with the literature-based findings concerning NAFC toxicity. 

Cardiovascular malformations such as pericardial edemas were the most observed malformation 

in non-viable hatches (81.51%), followed by craniofacial (68.96%), myoskeletal (60.90%), and 

peritoneal (26.44%) malformations. These results are supported by Marentette et al. [80], who 

reported strikingly similar results: cardiovascular malformations were present in 83.60% of 

deformed individuals, followed by craniofacial (70.50%) and myoskeletal (49.20%) 

malformations [74]. The EC50 for hatch viability was observed at 14.38 mg/L (12.36-17.38 

mg/L), in agreement with the previously reported EC50 for fathead minnow exposed to fresh 

NAFC (EC50 = 5.0-22.25 mg/L) [80,81]. While differences in the chemical extract and 

analytical protocols make it difficult to directly compare results, the exposure conditions 

(laboratory versus semi-laboratory) and test volumes (microplates versus 1-L exposure jars) 

could play a role in the test species sensitivity to the NAFC extract. Firstly, temperature can have 
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an effect on the time of hatch for fish, where premature hatches are promoted at concentrations 

below the optimal growth temperature maintained in the laboratory [114]. Secondly, slower 

embryo development can increase the embryo’s sensitivity to the NAFC extract, which is 

promoted by smaller test volumes [81]. Therefore, the extrapolation between laboratory to semi-

laboratory to field-based studies could be challenging. Furthermore, it is worth noting that eggs 

were not pre-selected prior to the experiment as they have been for previous studies [80,81]. 

Studies that adopt an egg-selection criterion based on a number of parameters (i.e. egg size and 

morphology, presence of the yolk sac, and blastomere cleavage) improve the hatch success of 

control embryos [79]. Therefore, a potential limitation to the present study is that some embryos 

could have been non-viable to begin with, independent of NAFC influence.  

 There are a few reported mechanisms by which OSPW-NAFC exposure could be causing 

the onset of malformations in early-life stages of fish. Restricted blood flow to tissues as a result 

of cardiac dysfunction; oxidative stress, DNA damage and cell death from xenobiotic 

metabolism; and alterations in gene expression during organogenesis are plausible mechanisms 

for the observed toxicity [34,45,57,71,80,82]. To begin, petroleum-based compounds are known 

to primarily target the developing heart [63]. Therefore, the observed morphological defects 

could be secondary to loss of circulation. When compared to the silent heart (sih) mutant 

phenotypes that failed to develop a heartbeat, identical craniofacial, cardiovascular and skeletal 

defects were observed to those induced by PACs [57]. Pericardial edemas following OSPW 

sediment exposure have also been linked to reduced cardiac output and a failing circulatory 

system [25]. When embryonically exposed to commercial NAs (>20 mg/L), heart developmental 

problems, poor blood circulation and hemorrhaging, followed by the onset of malformations was 

observed in Japanese medaka [97]. Furthermore, the embryological effects following NAFC 
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exposure are similar to dioxin-induced phenotypes characterized by early-life stage mortality, 

pericardial edemas, hemorrhaging, and craniofacial and spinal defects [76]. Dioxin-like 

compounds are potent ligands for the AhR-receptor and, similar to NAFCs, show evidence for 

CYP1A-induced oxidative stress [20,26,27,82,98]. Localized oxidative stress, cell death and 

alterations in skeletogenesis genes have been observed in the tail of Japanese medaka embryos 

with visible skeletal malformations [64]. As noted previously, alterations in gene structures 

involved in xenobiotic metabolism, skeletal development, bone formation, and Ca2+ regulation 

have been reported following exposure to commercial NAs and NAFCs in fathead minnow [71]. 

Although, recent transcriptome profiling of fish [71] and amphibians [40] show that thousands of 

gene networks are targeted as a result of NAFC exposure. Therefore, it is likely that multiple 

modes of toxicity exist, and that the aforementioned mechanisms could also be co-occurring with 

one another. 

 

 Average Dry Mass: Fish exposed to 29.5 mg/L were significantly larger in average dry 

mass than control fish. Additionally, the average dry mass of fish exposed to all other NAFC 

treatments (NAFC = 2.5-21.0 mg/L) were over 25% larger than control fish, which could have 

biological significance [29]. While these results are unexpected, a significant increase in fathead 

minnow mass at hatch following embryo exposure to aged OSPW has been reported [111] 

However, by the end of the assay (21-d in outdoor freshwater mesocosms post-exposure), the 

fish were similar or smaller in size than control fish [111]. Hormesis, defined as a biphasic low-

dose stimulatory followed by a high-dose inhibitory response [83], could explain the observed 

short-term, compensatory-like effect occurring for OSPW-exposed fish [80,82,97,111]. The 

response is centered around the phenomena of homeostatic overcompensation: following a 
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chemical-induced disruption to homeostasis, biological processes will attempt to overcompensate 

in order to re-establish homeostatic endpoints [22]. An increase in growth following exposure to 

OSPW and NAFCs has been observed in fathead minnow exposed as embryos to 2.4 mg/L [80] 

and 4.2 mg/L of fresh NAFCs [82]; and in yellow perch exposed as embryos to 0.54 mg/L of 

fresh OSPW [97].  

 A limitation to the present study was that the embryonic bioassay was terminated before 

the transitioning to exogenous feeding. As such, these results provide inconclusive evidence as to 

whether such alteration in mass at hatch can have lasting ecological implications for fish. A 

recent study reported that fathead minnow larval mass is significantly reduced at 16 dph, but not 

at hatch or at 9 dph, following embryo exposure to fresh NAFCs [81]. This suggests that there 

could be a latent inhibition of growth following later life-stage development, that was not 

assessed in this thesis. For example, early craniofacial and spinal defects severe enough to impair 

the feeding ability and/or locomotion of fish could compromise larval growth or even impede 

larval feeding [52,58]. Furthermore, the current literature does not provide a cohesive narrative 

for the effect of NAFC exposure on fish growth for newly hatched fish. A significant reduction 

in hatch length has been observed for fish exposed to fractionated fresh NAFCs [13,104], fresh 

OSPW [45], and commercial NAs [97], while other studies have reported no significant effect 

for hatch length or mass when exposed to fresh NAFCs [81]; and inconsistent hatch lengths 

when exposed to fractionated aged NAFCs or aged OSPW [15]. These results highlight the 

importance of and need for additional chronic exposure studies that investigate the latent effects 

of NAFC exposure on fish growth, as well as other body size-related fitness parameters such as 

swimming ability, reproduction, food allocation, and predation risk.   
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 Basal Activity: No significant difference in basal activity was observed for newly hatched 

fathead minnow exposed to NAFCs relative to control fish. There was, however, a significant 

effect on basal activity between fish exposed to sublethal concentrations and concentrations near 

the LC50. While the results were unexpected, this pattern could be an example of a typical 

hormetic response. Firstly, exposure to an acute stressor can moderately improve the 

performance (or activity) of fish, which could explain why a slight reduction in basal activity 

was observed for fish exposed to 2.5 and 6.5 mg/L relative to controls. Secondly, exposure to a 

severe or prolonged stressor can have negative implications for fish performance, which could 

explain why severe locomotory impairments were observed at lethal concentrations [105]. 

Graphically, this trend appears as a J-shape curve rather than the typical sigmoidal or S-shape 

response pattern [22]. Taken together, the aspect of this work suggests there could be potential 

sublethal NAFC-induced effects for fish exposed to concentrations much lower (i.e. from 2.5-6.5 

mg/L) than those known to cause mortality and/or severe malformations, which could be a novel 

finding. Future investigations should further develop and confirm these results, as well as 

consider the chronic implications for fish exposed to sublethal NAFC concentrations. 

 Exposure to OSPW-NAFCs may be disrupting neurophysiological function of fish as a 

result of acute narcosis, leading to the observed increase in erratic and repetitive movements at 

hatch. Compounds that disrupt plasma membrane integrity can interfere with nerve functioning 

[121], as voltage gated Cl2+, Na+ and K+ channels in the plasma membrane are involved in the 

excitation of nerve and muscle cells [107]. Juvenile Pacific herring displayed significantly 

elevated plasma [Cl-], [Na+] and [K+] following acute (96-hour) and chronic (9-week) exposure 

to the water-soluble fractions of crude oil [61]. Transcriptome analysis of amphibians exposed to 

NAs revealed several pathways relative to membrane integrity significantly altered such as 
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membrane depolarization, Cl- transport, and Na+ influx co-transport, among others [40]. In 

addition, tadpoles exposed as embryos to 4 mg/L of NAs display continuous rapid convulsions 

and circular swimming movements, to which the authors attributed to neurotoxicity and an acute 

narcotic response [86]. At hatch, zebrafish embryonically exposed to the water-soluble fractions 

of crude oil show significantly increased repetitive swimming behavior, potentially from 

impairment of nerves that control direction [104]. The loss of equilibrium in NAFC-exposed fish 

observed in the present study could also be an indicator of nervous system impairment [107] and 

of acute narcosis [28]. Taken together, these studies provide evidence that NAFCs disrupt the 

functionality of cell membranes most likely by narcosis, which can alter the behavior of exposed 

fish at hatch.  

 

6. CONCLUSION 

 The present study demonstrates that short-term exposure to OSPW-NAFCs alter embryo 

development and basal activity in early-life stage fathead minnow. Moreover, the toxicological 

effects reported in this study are the first of which to be observed in a semi-natural setting. 

Significant reductions in embryo heart rate at 3 dpf were linked to embryo mortality and the 

onset of pericardial and peritoneal edemas, craniofacial and spinal defects. The aforementioned 

endpoints followed pronounced exposure-response relationships of increasing NAFC 

concentration, with nearly 100% mortality and premature hatching occurring at concentrations ≥ 

40 mg/L (nominal). Cardiovascular malformations were the most observed malformation in non-

viable hatches, followed by craniofacial (reduced jaw and head size), myoskeletal (kyphosis, 

lordosis, bent), and peritoneal defects. Fish that did survive at concentrations above the 

calculated LC50 had significantly elevated basal activity levels characterized by repetitive 
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twitching movements and a loss of equilibrium relative to fish exposed to sublethal 

concentrations. Narcosis, or non-specific membrane disruption, is most likely the predominant 

mode of action for acute embryo mortality and the impairment of neurophysiological function at 

hatch. The observed embryological defects such as reduced heart rate, increased mortality and 

malformations, could be attributed to cardiac dysfunction, oxidative stress, and altered 

expression of developmental genes, among others. In addition, fish that did survive at 

concentrations above the calculated LC50 were significantly larger in average dry mass than 

control fish, which could be a potential short-term, compensatory-like response. Alterations in 

basal activity for fish exposed to 2.5 mg/L and 6.5 mg/L suggests there could be sublethal 

NAFC-induced effects for fish. Such implications are often overlooked by standard toxicological 

approaches and may manifest more prominently in chronic behavioural studies. To better 

understand the ecological implications of these results, future research can extend these 

explanations to characterize the long-term, latent behavioural effects following sublethal 

exposure in natural environments. Furthermore, additional field-based studies can help to 

determine potential population-level implications for fish exposed to OSPW-NAFC following 

the observed embryological effects described here. Later-life stage and transgenerational effects 

on fish fitness parameters such as growth, swimming performance, predation risk, food 

acquisition, and reproduction, following embryo exposure warrants further investigation.  

 

7. IMPLICATIONS OF STUDY 

 Current OSPW management policies will now permit the release of OSPW back into 

natural surface waters once the OSPW is deemed to be in a ready-to-release state [2]. The lack of 

specific chemical criteria that constitutes ready-to-release OSPW is a major concern [85]. 

Moreover, there are no water quality guidelines in the Canadian Water Quality Guidelines for 
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the Protection of Aquatic Life by the Canadian Council of Ministers of the Environment for 

threshold NAFC concentrations in freshwater [23,44].  Currently, the addition of NAFCs to the 

Government of Canada’s National Pollutant Release Inventory is under consideration [36]. 

Should NAFCs be added to this inventory, thresholds of environmental release must be 

determined [37]. While decades of research have contributed to understanding OSPW toxicity, 

limited studies have incorporated field-based exposure scenarios and/or ecologically relevant 

endpoints such as behavior. To our knowledge, the present work is the first report of the 

developmental and behavioural toxicity of OSPW-NAFC exposure to early-life stage fathead 

minnow in a semi-natural setting. Thus, information from this research is imperative to inform 

necessary water quality guidelines to protect freshwater life in the Athabasca oil sands region. 

 This study raises a number of opportunities for future research. The present work offers a 

potential novel finding for fish exposed to sublethal NAFC concentrations, thereby proposing 

further investigation for subsequent study. Moreover, the embryological endpoints reported here 

provide an important foundation for future research to build upon, such as investigating the long-

term implications of compromised early-life stage development and locomotion in a broader 

ecological context. This study broadly implies that standard toxicological approaches that often 

preclude behavioral endpoints may underestimate the full extent of OSPW-NAFC toxicity to 

native species in the Athabasca region. Ultimately, understanding the impact of OSPW-NAFC 

exposure on a multitude of endpoints, species, and levels of biological organization, is essential 

to understand the implications of a potential release of OSPW in its entirety.   
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Appendix A. Experimental Set-Up 
 

 
Figure A1. Semi-natural exposure setting at Queen’s University’s Biological Station, Elgin, ON. 

The tent cover was removed during the day to allow for natural temperature and light variation 

(Photo by Eliza Lopez 2019). 

 

 
Figure A2. Microcosm and secondary containment inside the semi-natural exposure setting at 

Queen’s University’s Biological Station, Elgin, ON. The secondary containment was filled will 

dilution water to act as a temperature buffer. Microcosms were continuously aeriated using an 

aeration manifold (Photo by Eliza Lopez 2019). 
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Appendix B. Standard Operating Procedures for Fathead Minnow 

(Pimephales promelas) Semi-Natural Embryotoxicity Bioassay 
 

Information for the bioassay was retrieved from and is in accordance with the CCAC, EPA, and 

OECD guidelines. Information on solution preparation, fish handling and experimental setup was 

updated and modified from Madison et al. (2020). For further inquiry, please contact 

Brianna.Jackson@queensu.ca.   

 

Procedure  

 
1. SOLUTION PREPARATION 

1.1. Working Stock Containers  

1.1.1. Rinse 10 L aquacontainers with dilution water (Lake Opinion water) twice. 

1.1.2. Fill aquacontainers with dilution water a third time and allow to sit overnight. 

1.1.3. Dump the dilution water from aquacontainers and let sit upside down overnight to dry. 

1.1.4. Label aquacontainers with different coloured tape to distinguish among treatments. 

 

1.2. pH Stock Solutions  

1.2.1. To prepare 1M HCl, measure 91.7 mL of deionized (DI) water into a labelled container, 

then add 8.3 mL of HCl. 

1.2.2. To prepare 0.1 M HCl, measure 90.0 mL of DI water into a labelled container, then add 10 

mL of IM HCl.  

1.2.3. To prepare 1 M NaOH, measure 1 L of DI water into a labelled container. Place a stir bar 

into container, add 40 g of NaOH, and dissolve stirring for 2 minutes on a stir plate. 

1.2.4. To prepare 0.1M NaOH, measure 900 mL of DI water into an appropriate container, then 

add 100 mL of NaOH solution.  

 

1.3. NAFC Working Stocks 

1.3.1. Calculate the required volume of NAFC stock solution needed to prepare 10 L working 

stocks of increasing NAFC concentration: 

𝑉𝑁𝐴𝐹𝐶 𝑆𝑡𝑜𝑐𝑘 (𝐿) =
 𝐶𝑁𝐴𝐹𝐶 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑆𝑡𝑜𝑐𝑘 (𝑚𝑔 𝐿⁄ ) 𝑥 𝑉𝑁𝐴𝐹𝐶 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑆𝑡𝑜𝑐𝑘 (𝐿)

𝐶𝑁𝐴𝐹𝐶 𝑆𝑡𝑜𝑐𝑘 (𝑚𝑔 𝐿⁄ )
  

1.3.2. If high mortality is expected to occur at the least diluted concentrations, water refreshes 

during the assay will be unnecessary. Either prepare less working stock solution for these 

concentrations or use the most concentrated working stock to prepare volumes of the 

second most concentrated solutions.  

1.3.3. Measure the volumes of NAFC stock required using a glass graduated cylinder. Label the 

graduated cylinder accordingly, as the equipment can no longer be used for anything else 

but NAFCs to avoid future contamination.   

1.3.4. Store the volumes of NAFC stock in amber glass bottles or clear glass bottles covered in 

tinfoil.  

mailto:Brianna.Jackson@queensu.ca
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1.3.5. Label each container with the concentration and volume of NAFC stock and the date.  

1.3.6. Store in a labelled box at -4 °C until further use.  

1.3.7. To transport solutions to the experiment site, wrap the box in a plastic bag inside a tightly 

sealed cooler filled with bubble wrap and absorbent pads. Store the labelled box of 

solutions at -4 °C at the experiment site until further use. 

1.3.8. To fill the labelled aquacontainers, place a mesh over the container to filter the incoming 

dilution water. Fill aquacontainers with the calculated volume of dilution water required: 

𝑉𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑊𝑎𝑡𝑒𝑟 (𝐿) = 𝑉𝐹𝑖𝑛𝑎𝑙 (𝐿) − 𝑉𝑁𝐴𝐹𝐶 𝑆𝑡𝑜𝑐𝑘 (𝐿) 

1.3.9. Place the appropriate NAFC stock volume inside the appropriate aquacontainer containing 

filtered dilution water. Mix for 3 minutes, let sit for 10 minutes, then mix for 3 minutes to 

ensure homogenization.  

1.3.10. Adjust the pH of the working stock to 8.3 ± 0.1. Do this by pipetting a small amount of 1M 

HCl if the pH is basic, 0.1 M HCl if the pH is just above 8.3, 0.1 M NaOH if the pH is just 

under 8.3, and 1M NaOH if the pH very acidic.  

 

 

2. FISH TRANSPORTATION AND HANDLING 

2.1. Transportation 

2.1.1. Retrieve embryos from at least 10 breeding pairs at Aquatox Testing and Consulting Inc. 

(Guelph, Ontario) on the day of experiment. 

2.1.2. Surround each container with Styrofoam packaging or place in a cooler filled with multiple 

bags of water at 25 °C. Avoid direct sunlight on the cooler. 

2.1.3. Use a dark or opaque cooler or cover to reduce stressful sensory stimulation from transport. 

2.1.4. Place an aeration bubbler in each container to maintain dissolved oxygen (DO) levels above 

7.5 mg/L. 

2.1.5. Continuously monitor temperature and DO levels during transport using a Hatch meter. 

2.2. Acclimation 

2.2.1. At Queen’s University’s Biological Station, slowly acclimate embryos to the dilution 

water, by a slow addition of dilution water to the Aquatox containers (2/3 Aquatox water 

and 1/3 dilution water). 

2.2.2. Gently scrape embryos off of the tiles into a new bucket of Aquatox water and dilution 

water to ensure randomization of fertilized batches. 

2.2.3. Acclimate embryos to the new water and temperature for an hour. 

 

3. TOXICITY ASSAY 

3.1. Experimental Set-Up 

3.1.1. At QUBS, set up the 15x15’ tent. Set up three folding tables within the tent, to be used for 

the exposure area, preparation area, and monitoring area. The exposure area will hold the 

secondary containments, aeration manifold, and microcosms. The preparation area will 

hold the labelled working stock solutions, and the monitoring area will hold the microscope 

and any other monitoring equipment required.  
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3.2. Data Management 

3.2.1. Prepare and print multiple datasheets during the duration of the assay and store in a binder. 

Recommended datasheets include: 

• A Daily Observation Sheet, to record mortality and hatches   

• A Daily Water Quality Sheet, to record water quality parameters  

• A Water Sample Sheet, to record information for the samples collected during the 

experiment (Date, NAFC concentration, Sample ID) 

• Multiple Endpoint Data Sheets, to record the replicate number, treatment 

concentration, and video ID/photo ID/Vial ID for each sampled fish, as required.  

3.3. Microcosm Preparation 

3.3.1. The number of treatment concentrations used for the assay will determine the number of 

microcosms (1 L glass jars) required. Each treatment solution should be in tri-replicates. 

Ensure that the number of microcosms prepared for the assay is double the number of 

microcosms needed, as new microcosms will be used to refresh the treatment water 

halfway through the assay.   

3.3.2. Scrub microcosms and lid with warm water and soap, followed by MeOH rinse with 

gloves. Rinse twice with clean water, then a third time with DI water. Leave jars to air dry.  

3.3.3. Label tri-replicate microcosms on the lid and side of each microcosm using coloured tape. 

To distinguish among treatments and replicates, use a different coloured tape for each 

treatment and label the replicates as 1, 2, and 3.  

3.3.4. Drill two holes in the microcosm lids with enough space for two glass pipettes to fit in 

(approximately 1 cm diameter). The holes will be used to aerate microcosms with aeration 

manifold tubing. 

3.3.5. On Day 0, rinse microcosms with dilution water, then add 950 mL of the appropriate 

treatment water.  

3.3.6. Place microcosms onto the exposure area table inside the secondary containment filled with 

dilution water. The secondary containment will act as a temperature buffer during the 

assay.  

3.3.7. Attach glass pipettes to the end of the aeration manifold tubes. On Day 0, place the glass 

pipettes inside the microcosm lids. 

3.3.8. Place one Hobo data logger in an additional microcosm inside the secondary containment, 

and one inside the secondary containment, to continuously log temperature and light 

intensity during assay. 

3.4. Addition of Embryos 

3.4.1. Gently aspirate embryos using a pipette and transfer to multiple petri dishes filled with 

dilution water 

3.4.2. Gently pipette 5 embryos at a time from the petri dishes and into each microcosm. Continue 

pipetting 5 embryos at a time across all jars until 40-45 embryos are added to each 

microcosm. Record the exact number of embryos added to each microcosm on the 

Experimental Data Sheet. 

3.4.3. Close the microcosm lid and turn on the aeration manifold, ensuring that each microcosm 

is being sufficiently aerated.  
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3.5. Daily Monitoring and Maintenance 

3.5.1. Observe each microcosm for mortality and hatches once daily at the same time each day. 

Record the number of fish for each endpoint on the Daily Observation Sheet.  

3.5.2. Remove dead embryos as soon as possible to avoid decomposition unless removal disrupts 

surrounding embryos. Dead embryos will appear opaque and display an absence of body 

movement. Note that the overall survival acceptability standard for the control is 60%.  

3.5.3. Measure the pH, dissolved oxygen, conductivity, and temperature in each 1 L microcosm 

twice daily, preferably once in the morning and once in the evening. Record observations 

in the Daily Water Quality Sheet. Measure the controls first, then in order of increasing 

treatment concentration. Rinse the probe with DI water between each reading and 

afterwards. 

• Test organisms should not be subject to changes of more than 2 units of pH in a 24-h 

period and must be maintained between a pH of 7.5 to 9 

• Acceptable dissolved oxygen is 5 mg/L to saturation 

• Acceptable conductivity is ~ 350 µs 

• Water temperature should ideally not differ by more than ± 1.5 °C between test 

chambers or between successive days and be within the range of 25 ± 2 °C.  

3.5.4. Measure salinity and hardness twice weekly and record on the Daily Water Quality Sheet. 

Measure the controls first, then in order of increasing treatment concentration. Rinse the 

probe with DI water between each reading and afterwards. 

• Acceptable salinity is 0.1 to 3.0 g/L 

• Acceptable hardness is 50 to 450 mg/L CaCO3 

3.5.5. Static renewal will occur once every 3 days. Carefully pour 75% of the treatment water 

from each microcosm into the waste bucket. Transfer the remaining water and embryos 

into a new microcosm that is labelled accordingly. Fill the rest of the microcosm with the 

corresponding treatment concentration.  

3.5.6. At the end of the assay, the remaining non-hatched embryos are counted and recorded on 

the Daily Observation Sheet. 

3.6. Water Samples 

3.6.1. On Day 0, 3, and 6 of the experiment, collect 250 mL water samples of the NAFC stock 

and each treatment solution from microcosms in 250 mL amber glass bottles.  

3.6.2. Label each sample with the Sample ID, Date and NAFC concentration and record 

information on the Water Sample Sheet. 

3.6.3. Immediately store at 4 °C in the laboratory at Queen’s University’s Biological Station. 

3.7. Embryo Heart Rate 

3.7.1. At 3 days post-fertilization, gently pipette 3 embryos/microcosm (9/treatment) individually 

into a 1 mL microplate well in the corresponding treatment solution 

3.7.2. Label the microplate with the NAFC concentration and label each well the appropriate 

replicate number. 

3.7.3. Allow embryos to acclimate for 3 minutes under the microscope 

3.7.4. Record the heart rate through the microscope for 30 seconds to obtain the average 

heartbeat/min (See Marentette et al. 2015a).  
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3.7.5. Record the NAFC concentration, replicate number and video ID in the Observation Data 

Sheet.  

3.7.6. Immediately return embryos to the microcosm from which they were sampled from. 

3.7.7. Repeat procedure 3.6.1 to 3.6.5 for all treatments and use a different microplate for each 

treatment to avoid contamination.   

3.8.  Basal Activity 

3.8.1. At hatch (120-168 hours post-fertilization), gently pipette 3 fish from the same microcosm 

communally into one 3 mL microplate well in the corresponding treatment solution 

3.8.2. Label the microplate with the NAFC concentration and replicate number 

3.8.3. Place the well underneath the mounted video camera and press record. 

3.8.3.1. NOTE: Fathead minnow at this stage of development are transparent. To utilize 

any video tracking software post hoc, a UV light can be used to illuminate fish.  

3.8.4. Record fish undisturbed for 6 minutes. The first 3 minutes of the video will be the 

acclimation period and will be discarded during analysis. The second 3 minutes of the video 

will be the activity assay. Recording during the acclimation period will minimize external 

disturbances during the activity assessment (i.e., having to turn on the video camera).  

3.8.5. Record the NAFC concentration, replicate number and video ID in the for each fish in the 

Observation Data Sheets 

3.8.6. Euthanize fish in 0.2% (m/v) buffered tricaine methanesulfonate (MS-222; 2:1 with 

NaCO3). 

3.8.7. Repeat procedure 3.7.1 to 3.7.5 for all treatments and use a different microplate for each 

treatment to avoid contamination. Multiple cameras can be set up at once. 

3.9. Malformations 

3.9.1. At hatch (120-168 hours post-fertilization), gently pipette fish from the same microcosm 

and euthanize in 0.2% (m/v) buffered MS-222.  

3.9.2. Pipette euthanized fish onto a petri dish and photograph underneath microscope 

3.9.3. Record the NAFC concentration, replicate number and photo ID for each fish in the 

Observation Data Sheets 

3.9.4. Pool fish by replicate into a micro vial. Label the micro vial with the NAFC concentration, 

replicate number and date, and store in -20 °C. 

3.9.5. If a subset of fish is to be reared to later life stages, gently pipette individual fish into 24-

well microplates of 1 mL volume in the appropriate treatment water, photograph 

underneath the microscope, then return fish to an appropriate chamber. Record the NAFC 

concentration, replicate number and photo ID for each fish in the Observation Data Sheets. 

3.10. Dry Mass 

3.10.1. Retrieve micro vials of pooled fish and allow to defrost for 24 hours 

3.10.2. Centrifuge vials briefly, then place inside the drying oven with an open lid for 24 hours at 

70 °C 

3.10.3. Weigh individual vials with an analytical balance (minimum weight capacity of 0.001 g, 

preferentially lower) with the pooled replicates, then again without the pooled replicates, 

to obtain the average dry mass of pooled fish 
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3.10.4. Divide by dry mass of pooled fish to obtain the average dry mass per fish. Record all 

observations in the Observation Data Sheets 
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Appendix C. Treatment Solutions 

 
Table C1. Preparation of naphthenic acid fraction component (NAFC) nominal concentrations 

Nominal 

NAFC 

Treatment 

(mg/L)  

Working Stock 

Solution Volume 

(L)  

NAFC 

 [2636 mg/L] 

Stock Solution 

Volume (mL)  

 Dilution 

Water Volume 

(L)  

Working Stock  

 [54.0 mg/L]  

Solution Volume (L) 

Adjusted  

pH 

0  10  0  10.00 - 8.36 

2.5  10  10 9.990 - 8.40 

6.5 10  25 9.975 - 8.33 

10.0  10  37.5  9.962 - 8.35 

14.5 10  55.1  9.945 - 8.40 

21.0 10  80.1 9.919 - 8.25 

29.5  6 - 2.700 3.30 - 

40.0  5  - 1.250 3.75 - 

54.0 10 200.2  9.800 - 8.32 

 

 

Table C2. Measured naphthenic acid fraction component (NAFC) concentrations by negative 

ion electron-spray ionization high resolution mass spectrometry (ESI-HRMS, Orbitrap) 

Nominal NAFC Treatment 

(mg/L) 

Measured NAFC Treatment (mg/L) 

Day 0 Day 2 Day 6 

0 0.48 0.50 0.51 

2.5 1.47 1.45 1.59 

6.5 3.16 2.79 3.01 

10.0 4.48 4.85 4.65 

14.5 5.97 6.16 6.21 

21.0 9.20 9.98 9.81 

29.5 11.53 13.63 13.65 

40.0 12.08 16.85 16.7 

54.0 20.16 22.55 - 

Notes: Water samples were stored in Amber glass bottles at -20 °C prior until analysis. All test 

solutions were characterized in the Environment and Climate Change Canada laboratory in 

Saskatoon, SK, Canada.



 62 

 

Figure C3. Negative ion electron-spray ionization high resolution mass spectrometry (ESI-HRMS, Orbitrap) analysis of test solutions 

of the control and NAFC from OSPW (nominal = 40 mg/L) during the embryo bioassay: A) Percent abundance of class distribution; 

B) Percent abundance of O2 double bond equivalents (DBE); C) Abundance (unitless) of carbon species by size (number of carbons 

and DBE). Water samples were collected on Day 0 (24 hours post-fertilization; hpf), Day 2 (48 hpf), and Day 6 (168 hpf) of the 

experiment. O2 was the most abundant class in the control and NAFC sample. The NAFC sample was dominated by C13-C16 species 

of 3 to 5 DBE (Z= -4 to -8 or 2 to 4 ring structures). Note the difference in scale between the Control and NAFC graphs for C.
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Appendix D. Glossary of Malformation Terms 
 

Anencephaly The absence of a major portion of the brain and skull. 

Exophthalmia A budging of the eye anteriorly out of the eye orbit. 

Hemorrhage A rapid loss of blood, usually due to a ruptured blood vessel. 

Kyphosis An excessive outward curve of the spine. 

Lordosis An excessive inward curve of the spine. 

Microcephaly A condition in which the brain does not develop properly resulting 

in a smaller than normal head. 

Microphthalmia A condition in which the eyes do not develop normally resulting in 

smaller than normal eyes. 

Pericardial Edema An accumulation of watery fluid in the pericardial sac of the heart. 

Scoliosis A sideways curvature of the spine. 

Tube Heart A condition that results in an elongated heart from failure of the 

heart chambers to form. 

Yolk Sac Edema An accumulation of watery fluid in the yolk sac. 
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Appendix E. Daily Conditions 

Table E1. Daily temperature (Temp., °C) and light intensity (Int., lum/ft2) during the embryo 

bioassay. Data was obtained from Hobo data-loggers (Onsert, Maine, USA).

Date Time 

Secondary 

Containment 
Microcosm 

Date Time 

Secondary 

Containment 

Microcosm 

Temp. Int. Temp. Int. Temp. Int. Temp. Int. 

15-07-19 14:02 27.67 34 27.24 123 19-07-19 04:27 22.69 0 22.69 0 

15-07-19 16:04 27.41 114 25.31 153 19-07-19 04:27 22.69 0 22.69 0 

15-07-19 18:06 25.69 47 25.52 66 19-07-19 06:29 22.61 1 22.65 1 

15-07-19 20:08 24.62 1 24.62 2 19-07-19 08:31 22.86 3 22.91 3 

15-07-19 22:10 23.34 0 23.46 0 19-07-19 10:33 24.58 19 25.35 18 

16-07-19 00:12 21.96 0 22.09 0 19-07-19 12:35 26.25 39 26.68 40 

16-07-19 02:14 20.89 0 20.84 0 19-07-19 14:37 27.50 149 27.49 170 

16-07-19 04:16 20.20 0 20.16 0 19-07-19 16:39 27.84 92 28.23 122 

16-07-19 06:18 20.16 0 20.16 0 19-07-19 18:41 28.57 46 28.27 47 

16-07-19 08:20 20.20 6 20.29 6 19-07-19 20:43 28.01 0 27.88 0 

16-07-19 10:22 21.58 211 21.88 453 19-07-19 22:45 26.64 0 26.68 0 

16-07-19 12:24 22.86 88 23.81 152 20-07-19 00:47 25.61 0 25.74 0 

16-07-19 14:26 24.36 103 25.35 124 20-07-19 02:49 24.88 0 24.97 0 

16-07-19 16:28 25.78 50 27.16 89 20-07-19 04:51 24.24 0 24.37 0 

16-07-19 18:30 25.48 3 26.29 5 20-07-19 06:53 23.76 1 23.89 1 

16-07-19 20:32 25.39 1 25.99 2 20-07-19 08:55 24.11 54 24.15 85 

16-07-19 22:34 24.97 0 25.14 0 20-07-19 10:57 26.12 137 26.68 149 

17-07-19 00:36 24.28 0 24.37 0 20-07-19 12:59 27.28 48 27.84 141 

17-07-19 02:38 23.89 0 23.98 0 20-07-19 14:00 27.80 26 28.09 52 

17-07-19 04:40 23.55 0 23.59 0 20-07-19 16:02 28.18 7 28.53 4 

17-07-19 06:42 23.21 1 23.29 1 20-07-19 18:04 28.83 2 29.21 4 

17-07-19 08:44 23.25 37 23.29 3 20-07-19 20:06 28.78 0 28.96 0 

17-07-19 10:46 23.68 26 24.11 42 20-07-19 22:08 28.18 0 28.09 0 

17-07-19 12:48 24.32 22 24.84 32 21-07-19 00:10 27.37 0 27.24 0 

17-07-19 14:50 24.06 5 24.19 6 21-07-19 02:12 26.51 0 26.51 0 

17-07-19 16:52 23.76 4 23.63 4 21-07-19 04:14 25.82 0 25.87 0 

17-07-19 18:54 23.51 3 23.55 3 21-07-19 06:16 25.18 0 25.14 0 

17-07-19 20:56 23.21 0 23.33 0 21-07-19 08:18 24.79 1 24.79 1 

17-07-19 22:58 22.48 0 22.61 0 21-07-19 09:19 24.79 4 24.92 9 

18-07-19 01:00 21.28 0 21.36 0 21-07-19 10:20 25.27 5 25.91 11 

18-07-19 03:02 19.95 0 20.12 0 21-07-19 11:21 25.52 75 25.78 98 

18-07-19 05:04 19.04 0 19.09 0 21-07-19 12:22 25.44 145 25.78 67 

18-07-19 07:06 18.40 1 18.44 1 21-07-19 13:23 24.88 79 25.78 108 

18-07-19 09:08 18.79 94 19.00 66 21-07-19 14:24 25.78 103 26.25 101 

18-07-19 11:10 20.80 25 21.71 39 21-07-19 15:25 27.32 15 27.11 30 

18-07-19 13:12 22.31 41 23.55 84 21-07-19 16:26 27.24 15 27.49 15 

18-07-19 15:14 24.02 74 25.22 206 21-07-19 17:2 26.94 57 27.19 69 

18-07-19 17:16 25.18 29 26.21 31 21-07-19 18:28 27.02 44 26.86 53 

18-07-19 19:18 25.09 14 25.44 21 21-07-19 19:29 26.47 12 26.12 12 

18-07-19 21:20 24.84 0 24.79 0 21-07-19 20:30 25.82 3 25.52 3 

18-07-19 23:22 24.15 0 24.15 0 21-07-19 21:31 25.05 0 24.88 0 

19-07-19 00:23 23.81 0 23.77 0 21-07-19 22:32 24.45 0 24.37 0 

19-07-19 02:25 23.08 0 23.08 0 21-07-19 23:33 24.32 0 24.15 0 



 65 

Appendix F. Descriptive and Test Statistics 

Table F1. Descriptive statistics for bioassay endpoints.  

Nominal NAFC 

(mg/L) 
0.0 2.5 6.5 10.0 14.5 21.0 29.5 40.0 54.0 

Endpoints: 

Embryo 

Heart 

Rate 

N 16 10 8 8 9 9 10 5 - 

Beats/min. 154 153 144 148 145 146 123 111 - 

Std. D 5.76 6.88 10.80 10.02 9.95 10.15 10.15 5.74 - 

Hatch 

Success 

% 82.31 77.95 66.08 82.87 68.72 67.70 29.13 3.47 1.17 

Std. D 11.99 16.59 3.65 14.46 9.40 10.69 21.16 1.55 1.05 

Viable 

Hatches 

% 84.74 80.61 71.95 76.62 73.33 42.64 27.27 - - 

Std. D 11.69 5.28 14.24 13.01 8.40 10.00 0.00 - - 

Peak 

Hatch 

Hours post-

fertilization 
120 120 120 120 120 144 72 72 72 

Severity 

Score 
Avg. 1.31 1.39 1.62 1.55 1.77 2.43 - - - 

Post-

Hatch 

Mass  

N 45 49 41 46 40 48 10 - - 

Avg. (mg) 0.004 0.010 0.019 0.008 0.020 0.200 0.500 - - 

Std. D 0.006 0.006 0.010 0.008 0.007 0.010 0.025 - - 

Basal 

Activity 

at Hatch 

N 8 9 9 8 9 9 5 - - 

Twitches/ 

assay 
26.50 9.89 15.33 24.50 35.78 74.44 223.2 - - 

Std. D 26.32 12.60 9.63 29.13 25.60 54.53 93.31 - - 
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Table F2. Test statistics for bioassay endpoints. Quantitative data was measured by an analysis 

of variance (ANOVA) and Dunnett’s test if parametric assumptions were met (S.W = Shapiro-

Wilk; B.F = Bonferroni-Forsynthe). Non-parametric and ordinal data was measured by Kruskal-

Wallis and Dunn’s test. Binomial data was measured by generalized linear mixed models 

(GLMM) and Dunnett’s test. IC10 = 10% inhibiting concentration; LC50 = median lethal 

concentration; EC50 = median effective concentration; Mal = malformations; CI = confidence 

interval. * Indicates a significant increase. 

Endpoint Test Statistic P-Value Post-Hoc Notes 

 
ANOVA 

 
Dunnett's 

 

Heart Rate 

(Beats/min.) 

F7,66 = 25.09 

S.W (p = 0.98) 

B.F (p = 0.49) 

< 0.001 

6.5 (p < 0.001), 10 (< 

0.01), 14.5 (< 0.001), 21 

(< 0.001), 29.5 (< 0.0001), 

40 mg/L (< 0.0001) 

IC10 = 8.90-26.42 

mg/L; 90% CI, 

R2corr = 0.89 

Dry Mass 

(mg) 

F6,2 = 7.60 

S.W (p = 0.97) 

B.F (p = 0.17) 

< 0.0001 29.5 mg/L (*p < 0.0001) - 

 
Kruskal-Wallis 

 
Dunn's 

 

Basal 

Activity at 

Hatch 

X25 = 25.08 < 0.001 

21 (*< 0.05) relative to 2.5 

mg/L; 29.5 (*< 0.001, < 

0.01) relative to 2.5 and 

6.5 mg/L, respectively. 

Bonferroni-

adjustment method 

 

Kruskal-Wallis 

 

Dunn's 

 

Total Mal. X25 = 41.43 < 0.0001 
14.5 (p < 0.05), 21 (< 

0.0001) 

Bonferroni-

adjustment method 
 

GLMM  Dunnett's 

 

Mortality 

(%) 

b = -1.74,          

z = -4.01 
< 0.0001 

29.5 (p < 0.0001), 40 

(<0.0001), 54.0 (< 0.0001) 

LC50 = 23.88-

29.71 mg/L; 95% 

CI, R2corr = 0.90 

Hatch 

Viability 

(%) 

b = 2.15, 

z = 5.95 
< 0.0001 

6.5 (p < 0.05), 21 (< 

0.0001), 40 (< 0.0001) 

EC50 = 12.36-

17.38 mg/L; 90% 

CI, R2corr = 0.83 
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