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Abstract 

 Wood frogs (Lithobates sylvaticus) inhabiting the Athabasca oil sands region in northern 

Alberta, Canada, are at risk of exposure to contaminants from oil sands mining. The extraction of 

bitumen from oil sands produces large volumes of waste water whose main toxic fraction 

contains naphthenic acids (NAs). This study seeks to determine if exposure to NAs from oil 

sands waste waters affects the hatching success, growth and development of early life stages of 

the wood frog using a unique field-lab hybrid design. Wild-collected embryos were first exposed 

to a range of NA concentrations (1.0 to 43.0 mg/L) in natural pond water microcosms (20 L) 

situated outdoors at the Queen’s University Biological Station (Ontario, Canada). After an 18-

day exposure to NAs, hatchlings (Gosner Stage 22) were transitioned to clean water and then 

monitored over 5 weeks in mesh cages in their wetland of origin for potential latent effects on 

larval growth and development. We observed that hatching success (range: 3.5-40%) and time to 

first hatch (range: 9-16 days) were not influenced by exposure to NAs, but that hatchling growth 

was negatively affected; on day 18 of the experiment, hatchlings exposed to NAs were smaller 

than controls and the dose-response relationship between NA concentration and total length of 

hatchlings was statistically significant (p<0.01). Interestingly, the opposite relationship was 

observed at the end of the post-exposure monitoring phase, when total length was greater in 

metamorphs exposed to higher concentrations of NA as embryos (p<0.01). No effects of NA 

exposure on development (as measured by Gosner stage on days 68-71) were observed during 

the exposure or the post-exposure phases of this experiment. Our findings suggest that 

embryonic exposure to NAs under semi-natural conditions can affect the growth of early life 

stages of the wood frog, but they have the capacity to recover under clean-water conditions . This 

study showed less severe impacts of NA exposure to early life-stage frogs than laboratory-based 
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studies, illustrating the value of more realistic experimental conditions for toxicity testing of 

environmental contaminants.  
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1. Introduction  

The Alberta oil sands region contains the third largest reserves of oil in the world and 

covers an area of approximately 140 000 km2 (Penner & Foght, 2010; Jiang et al., 2016).  The 

Athabasca oil sands contain an unconventional form of oil, known as bitumen, which is heavier 

and more viscous than conventional oil and deposits are mixed with sand, clay and water (Penner 

& Foght, 2010; Jiang et al., 2016). Currently, the Alberta oil sands contributes greatly to the 

economy in Alberta and provides jobs to many residents (CAPP, 2015). The amount of bitumen 

recovered from these oil sands is projected to rise to approximately 3.95 million barrels being 

produced each day by the year 2030 (CAPP, 2015).   

In Alberta, bitumen is extracted from oil sands through the process of surface mining and 

‘in situ’ methods like steam-assisted gravity drainage (Butler, 2001). This process of extracting 

bitumen from the oil sands is very water intensive, approximately 2.5 times more water is used 

than bitumen extracted for recovery via surface mining (Government of Alberta, 2013; Masliyah 

et al., 2004, 2011). The water used in this process is originally sourced from the Athabasca River 

under strict regulations to ensure that minimal environmental impacts occur to the aquatic 

ecosystem due to this water usage (Alberta Environment and Fisheries and Oceans Canada, 

2007). The water that has been used in the bitumen extraction process is termed oil sands 

process-affected water (OSPW). Temporary storage of OSPW in large, man-made basins, known 

as tailings ponds, allows for settling of the OSPW so that it may be reused later in the extraction 

process (Miskimmin et al., 2010; Melvin & Trudeau, 2012a). Recycling and reuse of the OSPW 

occurs until it becomes too concentrated in contaminants to continue and is then stored in the 

tailings ponds. (Melvin & Trudeau, 2012a). Collectively these tailings ponds cover a relatively 
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large portion of land in Alberta, approximately 220 km2  (Miskimmin et al., 2010; Melvin & 

Trudeau, 2012a).  

The OSPW is known to be both acutely and chronically toxic to invertebrates, birds, fish, 

mammals and amphibians (Li et al.2017). Although the chemical composition of OSPW varies, 

it generally contains some combination of the following different toxic components: polycyclic 

aromatic hydrocarbons, benzene, toluene, ethyl benzene, xylenes and naphthenic acids (NAs) 

(Allen, 2008; Puttaswamy & Liber, 2012; van den Heuvel et al., 2012; Mahaffey & Dube, 2016). 

While many of these components are known to contribute to the toxicity of OSPW, the majority 

of its toxicity is due to naphthenic acids (NA), which are dissolved into OSPW during the 

extraction process (FTFC, 1995; CEATAG, 1998; Brown & Ulrich, 2015).  

This main toxic component fraction of OSPW, the NAs, are a group of acyclic, 

monocyclic, and polycyclic carboxylic acid mixtures that are naturally found in crude oil from 

the degradation of mature petroleum (Clemente & Fedorak, 2005; Richardson et al., 2018). 

Despite their status as contaminants of emerging concern, NAs have commercial uses, and are 

found in both fabric and wood preservatives as well as paint and ink driers (Brent et al., 2000; 

Richardson et al., 2018). While carboxylic acid mixtures are found in tailings ponds from the 

bitumen extraction process they can also enter surface water systems due to groundwater mixing 

and natural erosion of riverbank bitumen deposits (Headly & McMartin, 2004). As containments 

of emerging concern, it is the impact that these toxic carboxylic acid mixtures may have on the 

environment and its inhabitants that raises alarm and the need for thorough investigative 

research. 

Amphibians have been used for a variety of ecotoxicological studies for compounds 

including herbicides, road salts and endocrine disrupters (Tompsett et al., 2013; Lanctot et al., 
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2014; Sanzo & Hacnar, 2006). The highly permeable skin of amphibians, which allows 

exchanges of nutrients and gases within the water, as well as the aquatic nature of larval stages of 

amphibians allows them to be key study organisms for aquatic contaminants. Amphibians also 

display a less robust metabolism during larval aquatic stages, further explaining the tadpoles’ 

risk and susceptibility to aquatic and sediment bound contaminants compared to adult 

amphibians (Leney et al., 2006a, 2006b; Greulich & Pfugmacher, 2003). However, very few 

studies have been performed to assess the toxicity of NAs on amphibians (less than 10 peer-

reviewed articles, to the best of our knowledge).  

 The toxicity of NAs on amphibians has primarily been studied using commercial grade 

NAs or OSPW contaminated wetlands. In the OSPW contaminated wetland studies, young 

wetlands (<7 years old) were exhibiting more toxicity related to the OSPW as seen in the 

decreased survival and compromised growth and development of the amphibians than old 

wetlands (>7 years old) (Pollet et al., 2000; Hersikorn et al., 2010). Studies have shown that 

these amphibians may be particularly vulnerable to the OPSW and specifically the NA 

component of the OSPW. Not only does the literature show OSPW can be harmful to 

amphibians, it has also indicated that these amphibians can take up these toxic components into 

their muscles (Smits et al., 2012). This then may result in the toxic components being passed 

along the food chain as these amphibians are prey for other species (Smits et al., 2012). 

Furthermore, there are potential long-term effects that could influence the viability of entire 

populations of wood frogs due to NA exposure being associated with significantly smaller 

oocyte area in wood frogs (Vu et al., 2015). Thus, the literature indicates NA exposure does 

appear to have some negative impacts on amphibians but the full extent of the impact is not yet 

fully understood. Pollet et al., (2000) showed significantly compromised growth and 
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development in wood frogs (Lithobates sylvaticus) and western toads (Bufo boreas) when raised 

in wetlands receiving OSPW. Amphibians exposed to commercial NA at young life stages have 

been shown to have reduced survival, delayed development as well as decreased growth (Melvin 

& Trudeau, 2012a, 2012b;  Melvin et al., 2013).  

Amphibians living in Alberta’s oil sands region are at risk of exposure to OSPW in a few 

ways. First, tailings ponds are capable of leaching OSPW into groundwater which can later 

interact with these amphibians (Holden et al., 2011). Another mechanism of potential exposure 

of OSPW to amphibians is through accidental breaches of tailings ponds walls and overflows 

into the environment (Morgenstern et al., 2015; Petticrew et al., 2015). Thirdly, amphibians have 

been known to breed in remediation ponds that are filled with OSPW, exposing the adults and 

the embryos to NAs. (Fuller et al., 2010; Leduc et al., 2012). However, a more pressing possible 

source of exposure is intentional release of OSPW into the environment. Currently, regulations 

are being developed to advise what levels of naphthenic acids are acceptable as part of the 

intentional release of OSPW, when tailings ponds water remediation and environmental 

integration occurs (Government of Alberta, 2015; Lewis, 2019). 

 The impending release of OSPW into the northern Alberta ecosystem has led to the 

question, how will the naphthenic acids affect the native amphibian population’s growth survival 

and development. Very few studies have been performed and published on the effects of 

naphthenic acids on amphibians. As well, the few studies that have been published have only 

used commercial naphthenic acids, not NA derived from OSPW which is what will actually be 

released into the environment with the new legislation (Smits et al., 2012; Melvin & Trudeau, 

2012a, 2012b; Government of Alberta, 2015). These commercial NAs have been shown to be 

more toxic than OSPW derived NA in fish; therefore the effects and toxicity of the OSPW 
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derived NA on amphibians will provide valuable insight for future tailings ponds remediation 

regulations (Marentette et al., 2015).  

 With varying results of amphibian toxicity due to NA and OSPW exposure, we set out to 

determine if embryonic NA exposure would affect the hatching success, growth and 

development of wood frogs. We also attempted to find out if any effects due to embryonic NA 

exposure would result in observable effects in growth and development when the wood frogs are 

at peak metamorphosis and the NA exposure is ceased. This was determined by the use of a three 

phase field experiment: an 18-day embryonic NA exposure phase in outdoor microcosms, a 

transition phase and a final observation phase in a semi-natural field setting with the entire 

experiment totaling 71 days. We hypothesize that embryonic exposure of naphthenic acids 

derived from OSPW has negative effects on the hatching success and time to hatch of 

amphibians, and ultimately their growth and development. We predict that during the embryonic 

NA exposure hatching success will be lower but occur more rapidly while growth and 

development will be slower after exposure. We also predict a dose-dependent response in their 

growth, development and hatching success to the NA exposure resulting in worse effects seen 

with higher concentrations of NA used. Thus, we set out to determine what, if any, effects there 

would be to embryonic exposure of naphthenic acids derived from OSPW on wood frogs. 

 

2. Methods 

2.1 Study Site 

Wood frog eggs were collected from West Skycroft Pond (44°32'54.4"N, 76°21'56.3"W) located at 

the Queen’s University Biological Station approximately 50 km north of Kingston, Ontario. 
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West Skycroft Pond is a shallow (<1m) vernal pool that is home to various floating plants 

species, amphibians and insects, including a breeding ground for wood frogs.   

 

2.2 Study Species 

The model species selected for this study was the wood frog (Lithobates sylvaticus), an 

amphibian that is found throughout Canada (Lee-Yaw et al., 2008). The wood frog is, in fact, the 

most common amphibian in northern Alberta and is one of the earliest breeding frog species in 

the spring due to physiological adaptations to winter conditions (Lee-Yaw et al., 2008, Roberts 

and Lewin, 1979; Hannon et al., 2002). Wood frogs also have a short breeding season that is 

synchronized allowing for easy collection of large numbers at the same age making them ideal 

for large scale experimental studies (Howard, 1980; Seale, 1982). As the wood frogs located 

within southern Ontario are within the same clade as the wood frogs located in northern Alberta 

near the oil sands, we assumed the collected eggs will serve as a reasonable experimental model 

(Lee-Yaw et al., 2008).  

 

2.3 Egg Collection 

A total of fifteen wood frog egg masses were collected from West Skycroft Pond on 

April 15, 2016. These egg masses were cut off from submerged vegetation in the periphery of the 

pond. The water temperature at the time of collection was 9.0o C at the collection depth of 50 cm. 

Egg masses were then transferred to individual containers while submerged to prevent exposure 

to air, before being transferred to the field station. Each egg mass was then divided into four 

portions of approximately equal size. Three of these portions were used for the experiments 

while the remaining portion of each egg mass was weighed and counted to generate the average 
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number of eggs and weight of each quarter egg mass (8.6g, 181.3 eggs) to determine hatching 

success.  

 

2.4 Study Design 

The study consisted of three phases (Figure 1): NA-exposure in outdoor microcosms with 

embryos (Phase 1), a transition phase to gently acclimatize hatchlings from NA exposure to 

clean pond water in the same microcosms (Phase 2), and a grow out observation phase that 

allowed development from larvae to metamorphosis (Phase 3).  

 
 
Figure 1. Three phase study design showing the life stages and holding facilities of the NA exposure, transition 
period and grow-out, observation phases.  
 
 

The NA used in this experiment was extracted from OSPW collected from an active 

settling pond. OSPW contains salts, suspended solids and dissolved organics of which some are 

able to be extracted with acid and therefore termed acid extractable organics (AEOs). While 
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there are potentially some differences in components of AEOs compared to NAs, they are also 

nearly identical to commercial NAs and therefore we will refer to the AEOs as NAs for this 

study (Grewer et al., 2010; Mackinnon & Boerger, 1986). Acid AEOs were extracted from the 

OSPW following methods by Rogers et al (2002) and Gutierrez et al (2019). OSPW was allowed 

to settle again for a short period of time after collection, then sulfuric acid was used to bring the 

pH of the solution to 2.5. Using dichloromethane, the organic phase of the solution was separated 

and concentrated. The AEOs were then brought to a pH of 10 again by using sulfuric acid and 

filtered with several 1000 MW size cutoff membranes. The mixture of NAs was then stored at 

4oC until used in the experiment.  

The first phase consisted of the NA exposure and lasted 18 days. This phase began on 

April 16, 2016, hereafter referred to as “Day 0” of the experiment. In this phase, three random 

egg clumps were placed into one of 15 microcosms, with three of them being controls receiving 

no NA. Water for the outdoor microcosms was sourced from the same pond the eggs were 

collected in (Skycroft Pond). The remaining 12 microcosms received NA following a regression-

based design with nominal concentrations of NAs ranging from 1.0 mg/L NA to 43 mg/L NA 

(Table 1). The chosen concentrations represented 1-75% of NAs found in OSPW (Headley et al., 

2012). During this exposure phase, water changes were performed twice and additional NA was 

added after each to maintain the target concentration of NAs. Sampling during phase 1 consisted 

of preserving 15-20 tadpoles from each microcosm for later morphometric analysis and 

developmental staging.  

The second phase of the experiment was a gentle transition phase from NA exposure to 

clean NA-free pond water. Over the course of two weeks, successive water changes ended the 

exposure phase and introduced clean pond water used in the final phase. The two-week period 
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allowed for gentle acclimatization, thereby avoiding a potential osmotic shock to occur when 

transitioning abruptly from water containing NA to pond water. This slow acclimatization also  

Table 1. Nominal naphthenic acid concentration in each microcosm during Phase 1 of the experiment. Microcosms 
H, A, and L were used for controls.  
  
Microcosm Nominal [NA] (mg/L)  Log(Nominal NA +1) (mg/L) 

H 0 0 

A 0 0 

L 0 0 

M 0.9 0.27 

I 1.2 0.35 

B 1.8 0.44 

E 2.5 0.55 

O 3.6 0.66 

F 5.2 0.79 

J 7.4 0.92 

N 10.5 1.06 

D 15.0 1.20 

G 21.4 1.35 

C 30.5 1.50 

K 43.5 1.65 

 

ensured that any effects seen during the final phase would be less likely to be due to stress from 

quickly changing from NA contaminated water to clean pond water. During this second phase an 
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additional 15-20 tadpoles were preserved from each microcosm for later morphometric analysis 

and developmental staging. As well, total survival was determined at the end of this phase. This 

second phase included the transition to Gosner stage (GS) 25, which is when the tadpoles begin 

to feed exogenously and were therefore fed boiled spinach leaves (Gosner 1960). 

The third and final phase of this experiment consisted of a wetland growth period. Two 

sub samples of each microcosm were taken and placed into wetland cages, creating two cage sets 

of 15 cages. The wetland cages allowed the wood frog larvae to grow and swim in the pond itself 

while keeping them confined to a small area and separate from other groups naturally existing in 

the pond. These cages also protected them from predation and disturbance by other pond 

inhabitants. The wetland cage designs were adapted from Harris et al. (2001), they included an 

inner cylindrical Nitex® bag (Height-60 cm, Diameter-35 cm, pore size-500 µm), a hard, outer 

plastic mesh to protect from predators, and a wooden frame with polyethylene foam to allow 

cages to float with approximately 10 cm of the cage above the water’s surface. Two cage sets 

were used so as to be able to sample from one throughout phase 3 without disturbing any of the 

tadpoles in the other cage set. Photographs of approximately 10 tadpoles were taken each week 

for morphometric analysis and developmental staging from one cage set while the other cage set 

was left alone so it was not disturbed. This final phase continued until it was estimated that 

almost all of the tadpoles were at GS 42, peak metamorphosis (Gosner, 1960). At the conclusion 

of the experiment tadpoles were preserved for later analysis. 

 

2.5 Hatching Success and Time to First Hatch 

Observation of the hatching process was achieved by analysis of photographs from the 

2016 field experiment. Daily photographs taken from a bird’s eye view of the microcosms during 
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phase 1 and 2 of the experiment. Images were then grouped by date of experiment for later 

analysis. I analyzed all the images for both phase 1 (n=224) and phase 2 (n=224) of the 

experiment by recording the number of hatchlings observed in each microcosm and the day of 

the experiment. This approach was repeated again to confirm the number of observed hatchlings 

was as accurate as possible. A blind approach was achieved by analyzing each image 

independent of knowledge of the individual NA treatment received. I determined hatching 

success by comparing the final tadpole count in each microcosm to the average number of eggs 

placed in each microcosm on day 1 of the experiment. Average number of eggs was determined 

by weighing ¼ of each egg mass collected and then counting the eggs to obtain a measurement 

of number of eggs/gram. I determined time to first hatch by recording the date of the appearance 

of the first tadpole in each microcosm. This was repeated to allow for maximum confidence in 

recorded time to first hatch.  

 

2.6 Larval Growth and Development  

Growth observations and developmental staging were both based off of images taken 

during the 2016 experiment that were left for later analysis. To determine various measurements 

required for the body size of the specimens, images were taken from dorsal, ventral and lateral 

viewpoints using a ruler for scale. For every image (n=3767), I determined measurements of tail 

length, (distance from tip of tail to the vent) total length (distance from the tip of the head to the 

end of the tail), snout-vent length (distance from the snout to the vent, just before the tail begins), 

interorbital distance (distance between the eyes sockets), muscle tail width (width of the tail 

muscle component only) and muscle tail height (the distance from the bottom of the tail muscle 

to the top of the tail muscle). I assessed the developmental staging of the specimens at the end of 
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phase 3 of the experiment. Gosner stages, a collection of established and agreed upon definitions 

for the various developmental points of amphibian growth and metamorphosis, were assigned 

based on photographs taken of the individual samples (Gosner, 1960). I analyzed all photographs 

using an image analysis program, ImageJ (https://imagej.nih.gov/ij/).  

 

2.7 Water Quality Monitoring & Analysis 

 Water quality was measured daily in phase 1 and 2 (microcosms) and weekly in phase 3 

(Skycroft Pond). A YSI meter (Model 85) was used to measure water temperature, dissolved 

oxygen and conductivity. Ammonia and pH levels were measured using test strips. 

Quantification of total NAs was determined by collecting water samples from all microcosms 

immediately after each NA dosing (Day 0, Day 4, Day 10) as well as before and after each NA 

dose in a subset of microcosms (ADKMO). Water quality parameters remained at levels 

satisfactory of those required for amphibians. Temperatures ranged from 5.7 to 28.5 oC 

mimicking the natural temperatures of the wood frog habitat during breeding and development in 

spring and early summer. Ammonia, pH, conductivity and dissolved oxygen (DO) were all 

maintained at appropriate levels (Appendix B). 

 

2.8 Statistical Analyses 

To analyse the hatching success, time to first hatch, total length and developmental 

staging from the final phase of the experiment I used a linear regression. Total length was 

evaluated at the end of phase 1 and phase 3 of the experiment using a linear regression. A 

principal component analysis (PCA) was performed on all morphometrics (total length, tail 
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length, intraocular distance, snout-vent length, muscle tail height, muscle tail width) collected at 

the end of both phase 1 (exposure) and phase 3. Following the PCA, PC1 scores for both phase 1 

and 3 were extracted and regressed against the microcosm NA treatment concentration during 

phase 1 to test if NA concentration influenced tadpole body dimensions. All analyses were 

conducted using SigmaPlot version 14 (http://www.sigmaplot.co.uk).   

 

3. Results 

3.1 Hatching Success and Time to First Hatch 

Exposure of wood frog embryos to NAs did not impact their hatching success or their 

time to first hatch (Figure 2). Hatching success ranged from 3.5 % to 40% across microcosms 

and was not significantly related to treatment (F(1,12)=0.54, r2=0.04, p=0.5). Time to first hatch 

ranged from 9 to 16 days (after the experiment commenced) and was also not significantly 

related to NA treatment (F(1,11)=0.03, r2<0.01, p=0.9).  
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Figure 2.  A. Hatching success for each treatment on day 33 of the experiment (end of transition 
phase and start of growth phase). B. Number of days from the start of phase 1 to the day of the 
first hatchlings’ appearance in each microcosm. 
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3.2 Larval Growth 
 

Exposure to NAs significantly reduced the growth of the tadpoles (Figure 3). Tadpoles 

were significantly smaller when exposed to higher NA concentrations during phase 1 

(F(1,87)=13.10, r2 = 0.13, p < 0.01). The growth at the end of the experiment (day 71) was 

significantly related to the exposure of NA during the first phase (days 0-18) and increased with 

increased [NA] but the exposure did not explain much of the variance seen in total length across 

treatments (F(1,794)=14.93, r2 = 0.02, p <0.01).  

In terms of growth and morphology of the tadpoles, they were not affected by the initial 

NA exposure during exposure or by delayed effects due to the NA exposure (Figure 4). The PCA 

performed using the morphometrics from phase 1 of the experiment generated seven principal 

components, with the first three components explaining a cumulative 77.3% of the variance 

(Appendix A). Total length and tail length were the largest factors contributing to PC1 

(Appendix A). PC1 scores were extracted and plotted against the NA treatment for each 

microcosm. A regression of PC1 scores against NA doses determined that tadpole morphology 

was highly similar during the exposure period across all treatments (F(1,102)=11.65,  r2=0.10, 

p<0.01).  PCA analysis for phase 3 of the experiment resulted in three principal components with 

total length, tail length and interorbital distance being the largest components. A regression 

indicated that the NA loadings had similar influence on tadpoles from all treatments 

(F(1,956)=6.46, r2= 00671, p=0.11). 
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Figure 3. A. Total length of tadpoles (n=103) on day 18 of the experiment (end of exposure 
phase). A significant relationship exists between the total length of the tadpole and the NA 
exposure concentration (R2=0.13, p< 0.001). B. Total length of wood frogs (n= 796) at the end of 
the experiment, the peak of metamorphosis (GS= 42), compared to NA treatment in phase 1. 
Increased [NA] correlated with greater total length (R2 = 0.02, p <0.001). 
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Figure 4. A. PC1 scores for phase 1 tadpole morphometrics (n=104) against the microcosm NA 
loadings. B. PC1 scores for phase 3 tadpole morphometrics (n=958) against the phase 1 
microcosm NA concentration. 
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3.3 Development 
 
 Development of the wood frogs did not appear to be impacted by the NA exposure and 

tadpoles in all treatments reached similar stages in the metamorphosis by the end of the 

experiment (Days 68-71). No significant differences were found between wood frogs of any 

treatment. The differences between the median values among the treatment groups are not great 

enough to exclude the possibility that the differences are due to random sampling variability and 

therefore there is no statistically significant link between NA treatment and GS (F(1,162)=0.224, 

DF= 162, r2= 0.001, p=0.6).  

  

Figure 5. Gosner stage of wood frogs at the conclusion of the experiment (day 71) by exposure 
treatment (n=164).  
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4. Discussion 

 The overarching hypothesis guiding this study was that embryonic NA exposure would 

result in decreases to hatching success, overall growth, and development. Furthermore it was 

predicted that these effects would be more pronounced with higher NA concentrations. While 

this study demonstrated that the total length of tadpoles did show a decrease in size when 

exposed to NA, the study did not demonstrate the remainder of the predictions that had been 

postulated, thus contradicting previous studies on the effects of NAs on amphibians.  

 While we hypothesized that hatching success would decrease with NA exposure, we saw 

a hatching success that was generally low (<50%) for all treatments. This observed hatching 

success is low compared to some studies of wood frogs hatching success in the wild (90%) (Corn 

& Liyo, 1989). The low hatching success seen in this experiment could be due, in part, to the 

handling of the eggs and transport at the start of the experiment (Clark & Hall, 1985; Dale et al., 

1985). Transport stress is not the only factor that could have contributed to the low hatching 

success seen, the water chemistry can influence the ability for mould to grow on the embryos, 

decreasing the hatching success of the clump of eggs particularly for early spring breeding 

amphibians like the wood frog (Gascon & Planas, 1986). Hatching success is also strongly 

related to temperature, the low hatching success seen in our experiment is likely due, in part, to 

the small size of the microcosms allowing for more rapid cooling of the water at night compared 

to larger ponds (Herreid & Kinney, 1967; Waldman, 1982). 

 Another hypothesis of this study was that the embryonic NA exposure would impact the 

body sizes of the tadpoles. The embryonic NA exposure did appear to have some short-term 

negative impact on the body sizes of the tadpoles as predicted. The body sizes of the tadpoles 

were evaluated using various metrics, with total length being observed both on its own and along 
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with the other metrics. The total length of the tadpoles during phase 1 of the experiment were as 

predicted, decreased total length was associated with the increased NA exposure concentration. 

However, these effects were not long lasting, by the end of the experiment the total length was 

no longer negatively related to the embryonic NA exposure suggesting that the wood frogs were 

able to overcome the short-term stress of the NA exposure. These results are similar to one lab-

based study in the literature that exposed the northern leopard frog (Lithobates pipiens) larvae to 

commercial NA, in which a more pronounced decrease in growth and development of the 

tadpoles was seen near the start of the exposure but this was less affected later on in the 

experiment (Melvin et al., 2013).  

Compensatory growth mechanisms offer a plausible reason for the offsetting of the prior 

decreased growth observed at the end of the NA exposure in our experiment. Compensatory 

growth is the ability of an organism to grow at a rate faster than optimal, allowing them to catch-

up after a period of stress or growth restriction. This idea of compensatory growth has been 

studied well in various species of fish, amphibians, insects, mammals and birds (Capellán & 

Nicieza, 2007; Madison et al., 2009; Salbego et al., 2013; Stoks et al., 2006; Wilson & Osbourne, 

1960). Amphibians have been shown to exhibit some compensatory growth, with early 

nutritional restriction leading to decreased initial size and development in brown tree frogs 

(Litoria ewingii) who later grew to be larger than the control frogs with no restricted nutrition 

(Hector et al., 2011). Not only are these amphibians able to display a faster growth period after 

nutritional restriction, they are able to exhibit this behaviour after short-term salt stress (Squires 

et al., 2010). The growth patterns seen in our study could be explained in part by compensatory 

growth, therefore, future studies could be performed to determine if there are any physiological 

costs of this accelerated growth after a stressful experience.  
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 While compensatory growth explains the total lengths of the tadpoles at the start and end 

of the experiment, this does not preclude that various other factors could be at play. For instance, 

amphibians’ growth and development can also be affected by the temperature and pH of the 

water they reside in. Frogs placed in cooler temperature water (~9°C) have been observed to 

have a slower growth rate than frogs placed in warmer water (21-26°C) which were both 

significantly different growth rates than that of the control water (~11°C) (Gascon & Planas, 

1986). It is worth noting that the temperature of the water in our study was initially on the cooler 

side (Appendix A) during the embryonic NA exposure and that the small size of the microcosms 

could result in faster cooling at night which could have impacted the overall growth, 

development and hatching success of the tadpoles used in the experiment.    

 We also predicted that the tadpoles would experience a delay in their development, 

determined by GS, after embryonic NA exposure. Contrary to the existing literature, 

development and metamorphosis of the wood frogs was not delayed with NA exposure. 

Hersikorn et al. (2011) saw an increased time required before metamorphosis began when wood 

frogs were kept in OSPW contaminated wetlands containing similar concentrations of NA. This 

delayed metamorphosis could be absent from this study as the wood frogs were only exposed to 

the NA for a short period of time, before being transferred into clean pond water. As well, the 

use of the complete OSPW contaminated wetlands compared to the use of only the NA fraction 

of OSPW could also account for the differences in the findings. It can be suggested that the 

short-term exposure to only NA could be more representative of potential remediation of tailings 

ponds as the amphibians may be able to leave a contaminated area and travel to a less 

contaminated or clean area decreasing total potential and long-term effects from the OSPW 

derived NA toxicity. 
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 It is worth recognizing that the differences between the toxicity of OSPW compared to 

the NA fraction component of OSPW can also influence the toxicity towards amphibians. 

Previous studies investigating the toxicities of both OSPW derived NAs and commercial NAs 

identified distinct deformities linked to either commercial NAs or OSPW derived NAs indicating 

that commercial NAs are likely not a suitable surrogate for determining NA toxicity (Marentette 

et al., 2015). As well, OSPWs containing a higher proportion of smaller, simpler acids, as seen in 

the commercial NAs, are known to be more toxic than OSPWs containing more complex acids 

(Clemente et al., 2004; Holowenko et al., 2002; Johnson et al., 2010). This difference in toxicity 

of OSPWs and NAs further illustrates the potential explanations for the lack of effects seen from 

embryonic OSPW derived NA exposure in our study. As well, our experiment used semi-natural 

conditions including the use of pond water instead of studying amphibians exposed to NA mixed 

with clean filtered water.  

 Although the results generated from this study were not exactly as expected, this study 

corresponds with the small handful of existing OSPW and NA exposure studies using 

amphibians as all are quite different from one another in both methods and results. Compared to 

other studies, this study used a more realistic and natural approach to evaluate the potential 

toxicity of NA to amphibians by introduction of NA to the same pond water the wood frogs 

breed in, as well as conducting the experiment outdoors and away from a laboratory setting. 

While the results of this study indicate some differences in comparison to previous studies in the 

literature, the results of this study will still be extremely useful in aiding those involved in 

creating the guidelines for reclamation of tailings ponds in the Athabasca oil sands region. 

Further studies and analysis should be conducted using OSPW-derived NAs instead of 

commercial NAs to determine the safe level of exposure possible for amphibians. Adding more 
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complexity to this research is the fact that these toxic components of OSPW and NAs are still 

being discovered with the unveiling of new compound classes such as aromatic, adamantane and 

diamondoid structure, sulfur and nitrogen containing compounds and oxygenated acid species 

(Rowland et al., 2011a; Rowland et al., 2011b; Rowland et al., 2011c; Barrow et al., 2009; 

Bataineh et al., 2009; Headley et al., 2012). Perhaps these newly discovered compounds in 

OSPW derived NAs are contributing to the lesser effects seen in this study compared to the 

effects found in the literature.  

It is worth noting that the ability for the wood frogs to exhibit similar developmental 

growth and hatching success after embryonic NA exposure could indicate that amphibians are 

not as vulnerable to NA toxicity as previously thought. These results indicate a clear need for a 

more natural approach to toxicology studies than typical laboratory studies, especially when the 

results of lab studies are used to help determine environmental guidelines. The extra 

uncontrollable variables that come hand-in-hand with field and semi-natural studies can make it 

difficult to control the experimental designs but ultimately help to ensure experimental results 

can be applied to natural and ecosystem situations. More extensive research that considers these 

various factors would contribute greatly to our ever-evolving knowledge and understanding of 

the effects industry on the environment.   
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APPENDIX A:  
 
Principal Component Analysis for Phase 1 Morphometrics. Individual tadpoles are shown based 

on their principal component scores, outliers were noted then checked for abnormalities (i.e. 

partial tail, unclear photographs, incorrect data entry) (Figure 1A).  The component loading for 

the phase 1 PCA were mostly made up of total length, tail length and muscle tail height (Figure 

2A).  

 
 

 
Figure 1A.  PCA for phase 1 morphometrics (n=104). Blue oval represents 95% of the tadpoles.  
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Figure 2A. Component loadings for PCA on phase 1 all morphometrics (n=104).  
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Appendix B.  
 
 Daily water conditions were recorded during the 2016 field experiment. Water 

temperature, DO, conductivity, pH and ammonia levels were all monitored (Table 1B). Water 

temperature ranged between 5.7 and 28.5oC throughout the experiment. Mean water temperature 

was 12.6 oC ± 5.54 oC. DO reached a maximum of 15.2 mg/L and a minimum of 0.07 mg/L. 

Mean DO was 8.6 ± 3.5 mg/L. Conductivity reached a maximum of 580 µS/cm and a minimum 

of 256 µS/cm with the mean conductivity of the experiment being 409 ± 71 µS/cm. pH remained 

stable between 6.7 and 7 for the entire study and ammonia levels remained below 0.5 mg/L. 

 
Table 1B. Daily water conditions measured during the 2016 field experiment. Water temperature, DO conductivity 
and pH are the averages of all microcosms sampled each day.   

Date Mean Water 
Temperature 
(oC) 

DO (mg/L) Conductivity 
(µS/cm) 

pH Ammonia 
(mg/L) 

16-April-16 8.9 11.44 - 7 - 
17-April-16 8.8 11.74 - 7 0.25 
18-April-16 10.5 11.25 - 7 0.25 
19-April-16 7.2 11.12 333.37 7 0.25 
20-April-16 8.5 11.23 333.57 7 0.25 
21-April-16 10.2 9.50 369.08 - 0.25 
22-April-16 12.0 10.23 380.18 7 0.25 
23-April-16 6.4 10.50 366.18 - 0.25 
24-April-16 6.4 11.52 - - 0.25 
25-April-16 5.7 12.02 316.3 7 0.25 
26-April-16 5.9 11.57 328.53 7 0.25 
27-April-16 8.1 11.55 348.00 7 0.25 
28-April-16 7.4 12.30 326.33 7 0.25 
29-April-16 8.6 11.27 344.03 7 0.25 
1-May-16 8.4 9.61 351.33 7 0.25 
2-May-16 7.9 10.85 330.33 7 <0.25 
3-May-16 11.3 8.53 377.82 - <025 
4-May-16 10.3 10.78 354.53 7 0.5 
5-May-16 12.9 10.72 385.23 7 0.5 
6-May-16 15.1 10.31 409.78 7 0.25 
7-May-16 15.1 10.18 414.68 7 0 
8-May-16 11.0 11.53 356.93 - 0 
9-May-16 8.2 11.71 334.78 - <0.25 
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10-May-16 12.5 10.43 375.65 - <0.25 
11-May-16 10.1 9.54 351.13 7 <0.25 
12-May-16 11.9 8.40 382.90 6.85 0 
13-May-16 17.1 8.34 422.23 6.85 <0.25 
14-May-16 14.7 9.07 408.93 - 0.25 
15-May-16 9.0 8.97 352.20 6.7 0.25 
16-May-16 8.6 10.27 347.55 6.7 0.25 
17-May-16 12.3 10.56 365.46 6.9 0 
18-May-16 14.0 11.64 361.20 6.7 0 
19-May-16 13.6 8.74 376.53 6.7 0 
21-May-16 18.4 7.80 480.20 - - 
22-May-16 19.3 5.12 495.20 - - 
26-May-16 20.5 2.41 509.20 - - 
29-May-16 23.2 1.504 543.80 - - 
2-June-16 20.5 1.89 511.00 - - 
4-June-16 22.0 2.52 539.25 - - 
6-June-16 19.4 1.16 470.25 - - 
7-June-16 18.9 1.50 465.50 - - 
9-June-16 19.1 5.07 473.75 - - 
11-June-16 17.3 4.19 437.75 - - 
12-June-16 16.3 3.18 432.00 - - 
14-June-16 20.1 8.18 475.75 - - 
15-June-16 16.6 4.15 436.00 - - 
17-June-16 25.7 6.52 530.00 - - 
19-June-16 28.5 7.00 561.67 - - 
21-June-16 27.3 4.07 534.00 - - 

 
 
 
 
 
 
 
 


