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Abstract   

With continuous threats facing our freshwater systems, scientists and fisheries managers require  

methods to evaluate the health of freshwater fishes. Previously, many health metrics were  

evaluated using tissue samples lethally taken from fish. However, with technological advances  

many of the same parameters can be evaluated with only small pieces of tissue taken from a  

living specimen. Such non-lethal biopsies have been evaluated in laboratory settings to ensure  

survival after biopsy, however their impact on fine-scale behaviour, fitness, and stress has yet to  

be evaluated. In this thesis, three separate studies were conducted on male Smallmouth Bass,  

juvenile Lake Trout, and adult male Walleye to evaluate the consequences of biopsy procedures.  

Parental care behaviour in Smallmouth Bass (attack scores generated in response to simulated  

predation, return to nest time) were similar among biopsy methods, however multiple biopsy  

types (taken from the same fish) was a strong predictor in nest abandonment. Juvenile Lake  

Trout exploratory behaviour and response to a novel object was not found to be impacted by  

biopsy treatments, nor was their performance in an exhaustive exercise test. Finally, reflexes and  

gene expression (Glucocorticoid Receptor 1, Major Histocompatibility Complex Class 2) were  

not found to differ in adult male Walleye. Collectively, this body of work suggests that biopsy  

can be conducted on live teleost fish with negligible impacts on welfare or fitness. 
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Chapter 1: General Introduction   

Globally, freshwater fisheries contribute significantly to the production of food for human and 

animal consumption, to recreation, to supporting livelihoods, and to Indigenous cultures (Lynch 

et al. 2016). Despite the widespread importance of fisheries, freshwater fishes globally are 

facing numerous challenges. Climate change, habitat loss, and human fishing pressures have 

depleted populations, causing valued species to become imperiled (Welcomme et al. 2010). 

Fisheries scientists and managers have implemented various programs to help support native 

populations (e.g., habitat restoration, fisheries closures, hatchery enhancement), however, 

without identifying specific threats to fish populations, we fail to offer conservation strategies 

that are uniquely tailored to the needs of a species or system. Given that health status plays a 

vital role in the success of fish populations, tools for assessing their health status (e.g., using 

biomarkers) are imperative to successful management and conservation efforts (Adams et al. 

2001).  

Traditional methods for assessing fish health have required sacrificing fish and using whole 

fillets to determine contaminant burden, pathogen load, or health status (reviewed in Adams 

2002). However, these techniques are often unfavourable as they require the euthanization of 

thousands of fish which can deplete populations, which is particularly detrimental in instances 

where organisms are rare or imperilled (Rolfhus et al. 2008). Furthermore, lethal tissue sampling 

does not allow researchers to sample the same fish repeatedly over the course of their life 

eliminating opportunities to understand how the health and condition of organisms change across 

life stages or relative to different stressors (e.g., before-after studies). Given technological 

advances it is now possible to use various physiological and genomic assays that require 

miniscule quantities of tissue. Non-lethal sampling methods have been developed that can 
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evaluate the health of fishes using only small biopsy samples taken from the gills, muscle, 

fins, mucus, or blood (Jeffries et al. 2021; Thorstensen et al. 2022). Non-lethal biopsy also 

benefits researchers as it is suitable to be paired with other technologies, such as electronic 

tagging and  

tracking, which allows researchers to connect fish health to fate (Bøe et al. 2020; Thorstensen 

et al. 2022). However, concern remains regarding the welfare of the fish during and post-

biopsy.  

Non-lethal sampling methods have been found to be a highly effective way to examine fish 

health, as the impact of various stressors can be analyzed using transcriptomics or biochemical 

assays (such as those assessing enzymes, hormones, osmolytes, or other physiological factors). 

Collection of biopsies can include drawing blood from the caudal vasculature (Lawrence et al. 

2020), taking white muscle tissue using a biopsy punch or needle from the dorsal musculature 

(Baker et al. 2011), using swabs or forceps to collect mucus and scale samples (Tartor et al. 

2020), or using fine scissors to remove the distal ends of 3-6 gill filaments (McCormick 1993;  

Cornwell et al. 2013). Previous studies (Jeffries et al. 2021; Thorstensen et al. 2022) have 

outlined the utility of each biopsy type and what metrics can be collected from which tissues. 

However, given that every technique requires some measure of handling, dermal disturbance 

(Colotelo and Cooke 2011), and potential to reduce fitness (Portz et al. 2006; Currie et al. 

2022), further research is needed to evaluate the impact that biopsy techniques have on welfare 

(including ecologically relevant endpoints such as behaviour and survival) after release.  

Previous work has been done to validate the use of non-lethal biopsy; however, the goals of 

these studies have largely been focused on determining survival or long-term behaviour after 

biopsy with a focus on adults. For example, in Cooke et al. (2005), migration success and timing 
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in Sockeye Salmon was compared between fish that had received gill or blood biopsies and their 

non-biopsied counterparts. Gill biopsies were further found to have limited impact on growth 

and salinity tolerance in Atlantic Salmon (McCormick 1993). Similarly, recapture rates in 

Northern Pike and Lake Whitefish that received muscle biopsies were found to be similar when 

compared to non-biopsied fish (Baker et al. 2011).  

Initial validation work for each biopsy type has been carried out under laboratory conditions 

(Lockhart et al. 1972; Crawford et al. 1977), however given the highly regulated conditions of a 

laboratory study (no predators, equal access to food, regulated temperature, etc.) these results 

may have limited implications to natural settings. Although this previous research has been 

essential for validation of non-lethal sampling measures, it fails to address the implications on 

short term behaviour. Moreover, with over 30,000 species of fish (of which over 27,000 are 

teleost species, Takei et al. 2014), and many contextual variables (e.g., water temperature, body 

size, disease) that could influence whether biopsies have measurable welfare impacts, there is a 

need to conduct additional research. When working on fish in the wild, having a detailed 

understanding on how sampling procedures impact post-release behaviour, condition, and fitness 

is critical to ensuring fish welfare; failing to do so may make fish vulnerable to predation, 

disease, or physical injury (Bøe et al. 2020). Should biopsy cause significant impairment such 

that biopsied fish have altered behaviour, condition, or fitness relative to non-biopsied 

conspecifics, the benefit of non-lethal sampling is largely lost.  

In the following research, we examine how different non-lethal biopsy methods impact the 

welfare status of three different freshwater teleost fishes. Each study evaluated the effect 

that blood, gill, muscle, or a combination of two or more biopsy treatments had on the 

behaviour and fitness of fish. Given results of previous validation studies, we predict that 

biopsies will be well tolerated in all fish species examined here.  
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In Chapter 2, we used parental care behaviours of nesting male Smallmouth Bass to study how 

non-lethal biopsies impacted their ability to care for young. Blood, gill, and muscle biopsies 

were all evaluated individually and as a combined treatment. Given that bass guard their nests 

for several weeks during egg development (Philipp et al. 1997; Cooke et al. 2002), we were able 

to analyze behaviour directly after sampling and we could continue to monitor behaviour and 

survival for several weeks after. Moreover, given that failure to provide extended care to 

offspring yields zero reproductive success for that reproductive event, we were also able to 

assess fitness.  

Chapter 3 focused on fine scale behaviour in juvenile Lake Trout. Behavioural assays were used 

to assess exploratory behaviour and reactivity, which have important implications to how fish 

can use their environment and avoid predation. This study also looked at organismal 

performance after biopsy using exhaustive exercise challenges. Moreover, fish were monitored 

for seven days to determine survival after biopsy, and to assess wound healing at biopsy sites. 

In this study, both gill and muscle biopsies were assessed independently and in combination.  

Finally, in Chapter 4 we used transcriptomics to assess changes in gene regulation to determine 

the impact of non-lethal biopsy at a higher scale of resolution in adult male Walleye. Blood, 

gill, and muscle biopsies were all evaluated individually and as a combined treatment, and fish 

were monitored for ten days after biopsy. Survival was also assessed, and reflexes were tested 

immediately after sampling. Reflex assessments have previously been found (Davis 2010; Raby 

et al. 2012) to be a highly effective method at predicting recovery after a stressor such as 

angling. In addition to biopsy, fish in this study also had V13 tags surgically implanted so we 

could assess the impact of using non-lethal sampling in combination with electronic tagging.  
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Collectively, this body of work will inform the further refinement of welfare guidance to 

ensure that non-lethal biopsy methods are used in manners that minimize welfare impacts on 

fish.  Moreover, validating this tool opens doors for the study of freshwater fishes using novel 

biomarkers to assess how they respond to various stressors in the lab and in the wild. 
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Abstract  

Non-lethal biopsy methods (including blood, gill, and muscle biopsies) have been used to study  

the health and physiological status of wild fishes. Nonetheless, concerns exist regarding the  

impact of non-lethal sampling on relevant welfare measures such as behaviour and survival.  

Here, nesting Smallmouth Bass (Micropterus dolomieu) were used as a model species to study in  

situ how fish respond to non-lethal sampling. Male Smallmouth Bass provide sole parental care  

and guard well-defined nests for a period of several weeks, providing a unique opportunity to  

assess behaviour, reproductive success, and survival in the wild. Fish were captured from their  

nests by angling and subjected to a biopsy (either blood, gill, or muscle), or a combination of all  

three biopsy methods prior to release. A control group that was captured but not biopsied as well  

as a non-angled control were also included. Nests were monitored for a period of four weeks or  

until the parental males either abandoned offspring, died, or raised a brood to independence.  

Single biopsies, regardless of the biopsy type, were found to have no impact on parental care and  

survival, but fish that received the combined treatment took longer to return to their nest and  

displayed a 6.5 times greater likelihood of nest abandonment. Mortality was only observed in  

fish that received the combined biopsy treatment. As such, this study reveals that it is possible to  

maintain the welfare status of Smallmouth Bass in the wild by using individual biopsies, thus  

emphasizing the importance of making careful decisions about which tissues are needed to  

achieve desired study objectives. This is one of the few studies to assess the behavioural and  

fitness consequences of increasingly common non-lethal biopsy methods and provides useful  

information on the relative consequences of different biopsy methods on wild fish. 

  

2.1 Introduction   

Traditional sampling methods for freshwater and marine fish require fish to be lethally sampled  

to assess fish health and physiological status, contaminant burden, or pathogen load. However,  
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lethal sampling can be detrimental to fish populations, particularly in instances where the species  

is rare or imperiled, or species with long life histories and late sexual maturity (Rolfhus et al.  

2008). Lethal sampling also prevents researchers from studying behaviour and physiology  

simultaneously, or linking physiology and health to fate (e.g., survival, spawning; Cooke et al.  

2016; Jeffries et al. 2021). As a result of these limitations, a variety of non-lethal sampling  

methods have been developed that allow for the same research topics mentioned above to be  

addressed by removing only small pieces of tissue from a living specimen – herein referred to as  

a non-lethal biopsy (Thorstensen et al. 2022).  

Given advances in physiology, omics, technology, and fish health, small quantities of tissue can  

now be used in laboratory assays or microscopy, opening the door for non-lethal biopsy to be  

used in fish tissue collection. Previous studies have used blood samples taken from the caudal  

vasculature (Lawrence et al. 2020), gill clips taken from distal ends of gill filaments (McCormick  

1993; Cornwell et al. 2013), or white muscle cores taken using a biopsy punch from the dorsal  

musculature (Henderson et al. 2016) to assess the physiological and health status of wild fishes.  

Such techniques are thought to have negligible impact on the post-release survival of the fish  

(McCormick 1993; Henderson et al. 2016), however, some studies have indicated that non 

lethally sampled fish had higher mortality rates when compared to their non-biopsied  

counterparts (e.g., Bass et al. 2020). Little is known about the post-release behaviour of biopsied  

fish. In one of the few studies to assess behaviour of biopsied fish in the wild, Cooke et al. (2005) 

noted small differences in the migration speeds of adult sockeye salmon that had received  blood 

and gill biopsies relative to non-biopsied individuals. If non-lethal biopsy methods are  resulting 

in fitness or performance impairments post-release, the benefits of using non-lethal  sampling are 

largely lost given the impact on fish welfare.   

Previous validation studies of non-lethal biopsy have occurred on salmonids (Cooke et al. 2005;  
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Miller et al. 2011) with comparatively little work on warmwater fish species. With a continued  

emphasis of electronic tagging and tracking studies on wild fish (Hussey et al. 2015), along with  

the promise of omics, such validation studies will be critical for ensuring that non-lethal biopsy   

methods do not lead to negative outcomes. To that end, the objective of this study was to  

evaluate whether non-lethal sampling methods influenced the behaviour and reproductive  

success of Smallmouth Bass (Micropterus dolomieu). Blood, gill, and muscle biopsy were   

evaluated independently and as a combined treatment to determine their effect on spawning  

success and nest-guarding behaviour of Smallmouth Bass. We tested the hypothesis that parental  

care behaviours, survival, and overall nest success will not differ between biopsied fish and their  

non-sampled counterparts. Male Smallmouth Bass are an effective model species for observing  

individual-level changes during their nesting season given that they provide sole parental care for  

a prolonged period. Bass will build a nest and remain guarding the eggs from predation for  

several weeks, until juveniles develop to the semi-independent stage of free-swimming fry  

(Philipp et al. 1997; Cooke et al. 2002). During this period, nests (and consequently nesting  

males) can be individually identified, and routinely monitored for their presence and nest  

guarding behaviours. Should adult male bass experience significant stress such as extreme  

temperature fluctuations or predation pressure, there is an increased likelihood of nest  

abandonment occurring (leading to certain depredation of all zygotes or offspring) (Siepker et al.  

2009; Lunn and Steinhart 2010). As such, the behaviour and reproductive success of bass can be  

assessed after non-lethal sampling in the wild. With interest in ensuring that research methods  do 

not impact the welfare status of wild animals, this study addresses an important knowledge  gap 

on the welfare and behaviour of fish after non-lethal biopsy.  

2.2 Methods   

All research conducted in this study was carried out following the Carleton University Animal  
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Care Protocol (REF 110723).  

Nest Sites and Selection   

Smallmouth Bass were captured from their nests via angling on Big Rideau Lake, Ontario,  

Canada (44.7706°N, 76.2152°W) between May 16th and May 21st, 2021. Snorkel surveys were  

conducted to identify nests in similar habitats (gravel shoreline, between one to four metres  

deep), and nests were marked using a nest tag (a section of PVC pipe with a unique ID code).  

The number of eggs present in a nest was scored from 1-5; egg scores have been previously  

described in Siepker et. al. (2006), with a score of 1 representing few eggs and 5 representing  

many. As brood size has been determined to impact parental care levels (Lunn and Steinhart  

2010; Zuckerman et al. 2014), only nests with an egg score of 3 or higher were used. The age of  

eggs was estimated by the diver (based on transparency and presence of fungus), and only nests  

with new eggs (less than 2 days old) were selected for use in the study. 

 

Parental Male Capture and Biopsy  

Bass were angled from their nests using a single hook with a soft plastic lure (ned rig or  

dropshot). Hooks were removed from the fish within ten seconds of capture and deeply hooked  

(i.e., in the gills or esophagus) fish were not used for the study. A diver guarded the nest to  

prevent nest predation by sunfish species during sampling. Once fish were landed, the hook was  

removed within ten seconds and a timer was started for two minutes to standardize handling  

time. Fish were placed in a padded trough filled with fresh lake water, measured for total length  

(in millimetres), and tagged using an anchor tag for individual identification. Fish smaller than  

330mm were excluded from this study to prevent size discrepancy between treatments. Angled  

fish were assigned one of five treatments: an angled control, blood, gill, muscle, or a combined  
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biopsy treatment of all three biopsy types (hereafter referred to as ‘combined treatment’). A  

second control treatment of fish that were not angled (referred to as ‘un-angled control’), were  

only observed by a snorkeler in the water, and were included to standardize behaviour and nest  

success without additional stressors. Total length for fish in the un-angled control group were  

estimated by the diver using their dive slate (21 x 30 centimeters) for scale. After measurement  

and tagging, all angled fish were held dorsal side down during the two-minute period, except for  

during the muscle biopsy which was taken using a 4mm biopsy punch (Integra Miltex  

Disposable Biopsy Punch) from the dorsal musculature below the soft dorsal fin. One mL of  

blood was taken from the caudal vasculature following established procedures (Lawrence et al.  

2020), and three to five millimetres of gill filamentous tissue were taken from the distal edges of  

the third gill arch using nail scissors.   

Nest Return Time  
At the end of the two-minute period, fish were released one boat length (5.5 metres) from the  

nest. A timer was started to record the time it took for the fish to return to the nest, which was  

observed by the diver. If the fish failed to return after five minutes, testing ceased, and the return  

time was recorded as greater than five minutes. Previous research has evaluated how different  

angling stressors (such as durations of air exposure) influence return to nest times where longer  

times are typically associated with more extreme stressors (Kieffer et al. 1995; Philipp et al.  

1997; Hanson et al. 2007). As fish in the un-angled control were not removed from their nest, no  

return time was collected for fish in this treatment group.  

Parental Care   

Parental care was assessed 24 hours after sampling. A diver re-assessed egg score and recorded  

whether the male was present or absent from the nest. For present males, an attack score in  

response to a predator was assessed using a live Bluegill (Lepomis macrochrius) caught earlier  
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that day and placed in a 4L transparent jar with a perforated lid to allow water flow as per  

Hanson et al. (2007). The jar was placed directly in the nest (avoiding the eggs) by the diver,  

who then backed off to allow the bass to settle. After the bass had resumed standard nest  

guarding behaviour, the diver started a timer for 60 seconds and observed the number of times  

the bass attacked the jar. If the bass held its mouth open at the jar, the number of seconds were  

recorded as individual attacks (e.g., three seconds in this position would equal three attacks;  

Gravel and Cooke, 2009). After 60 seconds, the jar containing the Bluegill was removed from  

the nest. Nests were then observed via snorkelling every 3-4 days to assess egg development,  

and to determine whether the male was still present. Nests were checked until the eggs reached  

the free-swimming fry stage unless nest abandonment (and subsequent total egg predation)  

occurred. Mortality was assessed opportunistically by searching for fish that had abandoned their  

nests within 50 m of their nest sites.   

Statistical Analysis  

All statistical analysis were preformed using R Studio (version 4.1.2, RStudio Team 2021). Total  

length and egg score were both evaluated using an ANOVA to ensure that average sizes and  

scores were consistent between treatments. Average attack scores were also compared between  

treatments using an ANOVA, and a Chi-square test was used to determine whether there was an  

association between treatment and nest success. Return to nest time and time of abandonment  

were both assessed by survival analysis using the Survival package (Therneau 2021). To generate  

Kaplan-Meier survival curves for return time, fish that failed to return in the 5-minute window  

were censored and return times (measured in seconds) were compared between treatments. The  

number of censored fish were also compared between treatments to determine if one treatment  

was disproportionately excluded from the analysis. A survival curve was also generated to  

examine when fish abandoned their nests. As nest checks were conducted every 3-4 days, the  

passage of time was recorded in terms of number of nest checks and not individual days.  
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Multivariate survival analysis (Cox proportional hazard regression) was used to determine what  

factors were significant predictors of return time or abandonment. Consistent with recent  

perspectives on the rigidity of statistical significance values in ecological and behavioural  

research we chose to present our findings as strong evidence of significance in p-values fell  

between 0.001 and 0.01, moderate evidence if p-values were between 0.01 and 0.05, and weak  

evidence if p-values were between 0.05 and 0.1. P-values that fell above 0.1 were considered to  

have little or no evidence of significance (Muff et al. 2022).  

 

2.3 Results  

A total of 138 Smallmouth Bass were used with n=23 fish per treatment. Total body length of  

fish and nest egg scores were similar among treatments (p>0.05). Mean attack score did not  

significantly differ among treatments (F= 1.878, p= 0.102). Fish that were absent after 24 hours  

when attack scores were generated were excluded from the analysis, but the number of fish  

excluded was not different among treatments (χ2=0.9127, p=0.923).  

There was no evidence that survival curves generated to model return-to-nest time were different  

from one another (p = 0.45). To generate the time-to-event curve, fish that failed to return in the  

5-minute window were censored, and the number that failed to return in the five-minute window   

was compared between treatments. This revealed moderate evidence that the number of fish  

excluded from analysis differed between biopsy treatments (χ2 =9.020, p=0.061, Figure 2.1).  

Proportionally less fish from the combined treatment returned within the five-minute window (12  

out of 23 total, compared to a minimum of 17 fish in other treatments).   

Egg score, attack score, and treatment were analyzed as covariates in a Cox hazard regression to  

determine if they impacted return time (Table 2.1). There is weak evidence that gill biopsies  
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influenced return time (p=0.082), with fish from the gill biopsy treatment on average returning  

faster than fish from the other treatments. There was little evidence that egg score, attack score,  

or other biopsy treatments had any impact on return time.   

Overall nest success (defined by successful development of free-swimming fry) was measured as  

a binary response and compared among treatments. A Chi-square test was used to evaluate  

whether there was an association between non-lethal biopsy treatment and nest success. We  

found a weak relationship between nest success and treatment (χ2 = 8.604, p= 0.126), however,  

due to the disparity in nest success between un-angled control fish and fish from the combined  

treatment (Figure 2.2), we did two additional pairwise comparisons. Specifically, we compared  

nest success between fish in the un-angled control to fish receiving the combined treatment, and  

fish in the angled control treatment to fish in the combined treatment. There was strong evidence  

that the combined treatment negatively affected nest success (χ2 = 5.031, p=0.025) when  

compared to the un-angled control, however there was no evidence of nest success being  

impacted when we controlled for the impact of angling (χ2=1.493, p=0.222).  

A time-to-event curve was also generated to examine when fish abandoned their nests (Figure 3).  

As nest checks were conducted every 3-4 days, the passage of time was recorded in terms of  

number of nest checks and not individual days. There was strong evidence to suggest that curves  

generated differed (p=0.045) shown after the first nest check, indicating that treatment effected  

abandonment throughout the course of the study. Covariates (including egg score and attack  

score) were analyzed using a Cox hazard regression, and treatment was found to be a strong  

predictor of abandonment, with fish from the combined treatment being 6.5 times more likely to  

abandon nests than fish from the other treatment groups (t= 2.387, p= 0.017, hazard ratio = 6.45,  

Table 2.2). There was no evidence that other variables (e.g., egg score, attack score) were  
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directly related to abandonment.  

Mortality rate differences were not assessed statistically given that only 3 mortalities were  

observed during the study. However, all three mortalities observed came from the combined 

treatment group and were recovered less than a week after sampling took place in proximity 

to  the nest sites. External evaluation of the carcasses revealed bruising surrounding the 

muscle  biopsy site, and discolouration throughout the body. Deceased fish were identified 

by their  external tag.   

2.4 Discussion   

We were able to assess the consequences of non-lethal biopsy on nesting male Smallmouth Bass  

over a period of several weeks during parental care. Behaviour immediately after sampling  

(return to nest time) did not differ between treatments, however more fish from the combined  

biopsy treatment had to be excluded from the analysis because they did not return to their nest  

within the five-minute window. Results indicated that sampling using multiple biopsy methods  

simultaneously leads to impairment in response time after sampling. This could have critical  

consequences in the wild as responsiveness is a key component in a fish’s ability to find shelter,  

escape predation, or respond to environmental threats (Campbell et al. 2010). The same  

impairment was not observed in fish from other biopsy treatments; for example, fish that  

received gill biopsies returned to their nests faster than other biopsy treatments or angled  

controls.   

Previous research has evaluated the consequences of fishing stressors on nesting male bass with  

prolonged air exposure leading to delays in returning to the nest (Hanson et al. 2007). In our  

study, fish had minimal exposure to air (i.e., all biopsies were taken with fish held in a water 
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filled trough). We also had a diver guarding the nest from predators to minimize nest predation,  

as decreases in brood size during the male’s absence have been associated with greater levels of 

nest depredation and abandonment (Suski et al. 2003). However, it was not possible to guard  

nests until all fish returned, hence the implementation of a five-minute cut-off window after  

which we ceased predator defence. This likely contributed to the higher levels of abandonment  

noted in fish receiving the combined biopsy treatment, given that we found proportionally more  

fish from this treatment to not return within the five-minute window. Furthermore, it is well  

established that bass can assess their brood size throughout the nesting period and are more  

likely to abandon if there has been significant depredation in brood size (Suski et al. 2003).  

Although significant depreciation in egg score was not noted between initial nest observations  

and observations conducted 24-hours later, failure to return in the five-minute window left nests  

of fish from the combined treatment disproportionately vulnerable to predation when compared  

to fish from other treatments.   

Many of the fish excluded from the return time analysis were found to have returned to their nest  

by the following day when attack scores were measured. Previous studies (e.g., Philipp et al.  

1997; Hanson et al. 2007) found that most bass eventually returned to nests after angling events,  

although return time increased (often due to fish swimming long and indirect routes) when fish  

were exposed to additional stressors (e.g., air exposure, displacement), indicating distress or  

disorientation. In this study, no one treatment was disproportionately absent the following day,  

and attack scores generated in response to a simulated predation event were consistent among  

treatments, indicating fish were recovered sufficiently to resume routine parental care duties.   

Despite the limited impacts on behaviour 24-hours post sampling, as monitoring continued  

through egg development an increase in nest abandonment was noted relative to controls,  

particularly in fish from the combined treatment. Previous studies on bass nest abandonment  
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have concluded that bass trade-off current and future reproductive opportunities (Steinhart and  

Lunn 2011). In some instances, it is more optimal to abandon a current brood in favour of future  

reproductive opportunities, especially if the parental fish is in poor condition such that continued  

care risks their survival (Lukas and Orth 1995). Most of the nests abandoned during this study  

were done so during the egg-sac or swim-up fry stage which would mean total nest destruction  

(by predators) and zero reproductive success for that individual for that season. As the combined  

treatment was found to be a strong predictor of abandonment, this indicates that the stress caused  

by multiple biopsies may have longer term consequences such immune responses or metabolic  

costs. Consequently, overall nest success was found to be lowest in fish from the combined  

treatment, whereas single non-lethal biopsies had no impact on nest success.   

Undoubtedly, the stress of collection via angling may also have played a role in parental care  

behaviours exhibited in fish throughout this study (Kieffer et al. 1995), which is particularly  

apparent when comparing the nest success in the angled and un-angled controls to single and   

multiple biopsy treatments. Although we attempted to reduce stressors associated with angling  

by minimizing air exposure, releasing fish close to their nests, and using heavy gear to decrease  

fight time (all strategies previously identified as being drivers of nesting bass behavioural  

impacts; e.g., Philipp et al. 1997), nest success was still higher in the un-angled treatment. Single  

biopsies had comparable nest success rates to fish from the angled control, and success rates  

were not found to significantly differ between angled and un-angled control fish. However, when  

nest success was compared between un-angled fish and fish from the combined biopsy treatment,  

a substantial reduction in overall nest success can be observed. These results suggest that the  

impact of angling may be seen when multiple other stressors are present; single biopsies,  

regardless of type may only cause minor increases in overall stress, but the compounding stress  

of multiple biopsies in combination with angling presumably exceeded a threshold that  

contributed to abandonment rates and reductions in overall nest success. Such evidence  
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emphasizes the need to continuously work to reduce capture stress levels when working with  

wild fish.   

Overall survival was high throughout the study, with only three observed mortalities. All  

mortalities came from the combined treatment, although other fish may have died but were not  

recovered. All fish were tagged with external anchor tags, giving opportunity for other  

mortalities to be reported. No such reports from the public were made. Given that almost all fish  

returned to the nest for at least some time suggests that the mortality was not the result of the  

acute stress of biopsy but rather latent consequences that may have been mediated by disease or a  

general decline in fish health. Given that bruising was noted around the biopsy sites in the three  

observed mortalities but not on live fish from the same treatments, there is a high likelihood that  

substantial inflammation possibly caused by a primary or secondary infection could have  

contributed to the decline of the individual’s health. Moreover, additional handling was needed  

to obtain all three biopsies which can lead to increased dermal disturbance (Colotelo and Cooke  

2011) and subsequent infection, particularly as skin and mucus act as an essential part of the  

teleost immune system (Dash et al. 2018). Although we only took a small amount of blood,  

minor bleeding can also occur at the site of gill and muscle biopsy which could contribute to  

anemia (Currie et al. 2022). Ubiquitous water mold (i.e., Saprolegnian fungus) is common in  

warmwater fish that experience injury and/or chronic stress (Xu and Rogers 1991) and may have 

contributed to the further decline in fish condition and eventual death of fish exposed to all three  

biopsies, although fungal growth was not observed at the biopsy sites. Chronic stress caused by  

biopsy treatments, abiotic factors, or the constant vigilance required for nest defence may have  

further contributed to a decline in health, particularly as chronic stress has been shown to supress  

the immune response (Tort 2011), leaving fish vulnerable to infection.   

Results from this experiment indicate that a single non-lethal biopsy can be used safely with  
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negligible impacts on parental care, nesting success, and survival of male Smallmouth Bass.  

There is however some evidence to suggest that the use of multiple biopsies at once may result in  

a delayed stress response resulting in nest abandonment. There may be a trade-off between what  

tissues are needed to answer a given research question and the welfare of fish and as such  

collected tissues should be chosen carefully and specifically to address desired research  

outcomes. Given the need to maintain welfare status of individual fish and ensure that research  

methods do not negatively impact fish populations, this study emphasizes the importance of  

conducting validation studies of non-lethal biopsy methods using ecologically and biologically  

relevant endpoints specific to a given species or taxa. With growing interest in linking fish fate  

to physiological status (e.g., Jeffries et al. 2021), we anticipate a rapid expansion of research  

involving non-lethal biopsy of fish that are tagged with electronic devices. Research such as we  

describe here will be essential for developing best practices that maintain fish welfare and ensure  

that research objectives can be achieved in an effective, ethical, and responsible manner. 
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Tables   

Table 2.1: Cox proportional hazard regression output for return to nest time  

Characteristic  Hazard Ratio  CI  P-value  

Angled  1.51  0.71, 3.17  0.31  

Blood  1.24  0.58, 2.64  0.58  

Gill  2.05  0.91, 4.63  0.08  

Muscle  1.35  0.62, 2.93  0.45  

Combined  1.46  0.79, 3.01  0.41  

Egg Score   0.93  0.51, 1.69  0.80  

Attack Score   1.00  0.98, 1.01  0.70  
1 CR= Confidence Interval   
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Table 2.2: Cox proportional hazard regression output for nest abandonment  

Characteristic  Hazard Ratio  95% CI1  P-value  

Angled Control  2.05  0.37, 11.41  0.41  

Blood  1.73  0.31, 9.51  0.53  

Gill  2.58  0.50, 13.32  0.26  

Muscle  2.62  0.50, 13.64  0.25  

Combined  6.45  1.40, 29.81  0.02  

Egg Score  0.87  0.34, 2.24  0.78  

Attack Score  0.99  0.96, 1.02  0.37  
1 CR= Confidence Interval   
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Figures   

Figure 2.1: Kaplan-Meier time-to-event curve for return to nest time in a 5-minute (300 second)  
monitoring period. Fish from the Un-angled control group are not included as no return time was  
measured for fish in this treatment group.  
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Figure 2.2: Number of successful versus unsuccessful nests for male Smallmouth Bass in each non-lethal  
biopsy treatment (n=23 nests per treatment). Nest success was determined by eggs hatching and surviving  
to the free-swimming fry developmental stage. 
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Figure 2.3: Kaplan-Meier time-to-event curve for probability of nest abandonment for each treatment.  
Nest check 0 was the original sampling event, with nest check 1 occurring 24 hours after sampling. Nest  
checks 2-6 occurred every 3-4 days, with all nest checks ceasing after nests had been abandoned or eggs  
had developed into free-swimming fry.   
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Chapter 3: Effects of non-lethal biopsy on behaviour and fitness in juvenile Lake Trout 
Laura S.E. Haniford, Gillian Zorn, Ken Jeffries, Matt Faust, Tom R. Binder, Graham D. 

Raby, and Steven J. Cooke  
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Abstract 

For researchers to gain a comprehensive understanding of factors impacting fish welfare,  

behavioural assays can be paired with other technologies, such as non-lethal biopsy. Although  

previous validation work has been done to determine the impact of biopsies on long-term  

behaviour and survival, no such studies exist to evaluate fine-scale behaviours (such as reactivity  

and exploration) post-biopsy. Here, muscle and gill tissue samples were taken (both individually  

and as a combined treatment) from juvenile Lake Trout (Salvelinus namaycush). 24 hours after  

sampling, we used two behavioural assays (behaviour within a Z maze, and Flight Initiation  

Distance) as well as an exhaustive exercise test to determine whether biopsies impacted  

behaviour and fitness when compared to non-biopsied counterparts. There was little evidence  

that biopsies, regardless of the type, had any influence on exploratory and shelter-seeking  

behaviour in the maze, on flight initiation distance, or on time to exhaustion (as a proxy for  

swimming performance). Mortality was very low (2% overall) and limited to fish that received  

either gill biopsy or the combined biopsy treatment, suggesting it was somewhat less optimal  

than muscle sampling. This study provides further validation framework for the use of non-lethal  

biopsy in juvenile salmonids and is one of the few studies to address fine-scale behaviour and  

swimming performances post-biopsy.   

3.1 Introduction   

Salmonids are one of the most widely cultured and studied groups of fish. In the wild they  

contribute to recreational, commercial, and subsistence fisheries, and are cultured to support  

those activities (Lorenzen et al. 2010); to enhance imperiled populations (Faisal et al. 2019); and  

for direct sale to consumers (Burridge et al. 2010). Because of the economic, social, cultural, and  
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ecological value of salmonids, there is great interest in ensuring the health of fish across all life  

stages.   

To assess the health and condition of fish in culture facilities and in the wild, various tissues are  

collected from salmonids. For example, gill, muscle, and blood samples have been collected to  

study pathogen load, metabolic status, or contaminant burden (Jeffries et al. 2021; Thorstensen et  

al. 2022). In some cases, these samples are collected from euthanized animals, but as  

physiological methods evolve it is possible to conduct assays using relatively small quantities of  

tissue such that non-lethal sampling is possible. If such sampling can be done without impacting  

the welfare of fish, it provides a mechanism to reduce mortality (relative to lethal sampling) or  

even to repeat sample fish over time or to link physiological state to other endpoints such as  

growth, behaviour, or survival. To do so requires validating that such sampling methods do not  

impact the fish in a negative manner.   

Validation of biopsy studies has occurred for some salmonids, although such efforts have largely  

focused on adults. For example, in Cooke et al. (2005) blood sampling and gill biopsy were  

performed on adult Sockeye Salmon implanted with radio transmitters to determine if biopsy  

impacted migration success. They found little evidence that biopsy affected fish survival.  

Similar results were found in Jeffries et al. (2014) when gill biopsies were used to assess  

pathogen load in juvenile Sockeye Salmon. These studies were conducted on wild fish in the  

field, and although they provide ecological relevance it is challenging to assess fine-scale  

indicators of potential behavioural changes resulting from biopsy.  
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Numerous studies have identified that changes in a fish’s routine behaviour (such as exploratory  

behaviour, ventilation, or foraging) may be linked with poor welfare and potential stressors or  

underlying health concerns (Ashley 2007; Huntingford et. al. 2006; Martins et al. 2012; Yi et al.  

2021). As such, there is growing interest in analyzing behaviour of fishes, particularly in  

hatcheries and other aquaculture facilities, as well as to enhance the ethics of animal research.  

Furthermore, behavioural indicators provide the advantage of being a quick and non-invasive  

method to study fish health (Martins et al. 2012).   

To maximize researcher’s understanding of fish health, behavioural indicators of welfare can be  

paired with other techniques to provide a robust understanding of overall welfare and fitness  

(Martins et al. 2012). With the advancement of biochemical and omics technologies we can  

easily sample fish by taking only small amounts of tissue via non-lethal biopsy (Jeffries et al.  

2021). Such sampling methods have been used previously to assess levels of environmental  

pollutants, to study the prevalence of pathogenic microbes, or to assess physiology in freshwater  

and marine fishes (Thorstensen et al. 2022).  

Previous studies have worked to validate whether non-lethal biopsy causes changes to behaviour  

and survival of fishes (McCormick 1993; Ackerson et al. 2014; Zhao et al. 2014), but most  

behavioural outcomes have been of a larger scale, such as migration success (Cooke et al. 2005).  

As such, there is a need to conduct further validation studies that look at fine scale behavioural  

changes after biopsy, particularly in the context of hatchery reared fish. In this study, we aim to  

address this knowledge gap by conducting a series of behavioural and physiological assays to  

assess whether gill and muscle biopsies impact exploratory and feeding behaviour of hatchery  

reared juvenile Lake Trout (Salvelinus namaycush).  
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3.2 Methods  

All research conducted in this study was carried out following the Carleton University Animal  

Care Protocol (REF 110723) and was consistent with the fish care guidelines from the Canadian  

Council for Animal Care.   

Fish Collection and Treatments   

For this study, 125 juvenile Lake Trout (average total length 171 + 19mm) were sampled at the  

White Lake Fish Culture Facility in Sharbot Lake, ON, Canada. Fish were transferred by bucket  

from rearing pens to flowthrough tanks, with a constant water temperature of 11°C. After  

transfer, fish received one of five treatments: a gill biopsy, a muscle biopsy, a combined biopsy  

treatment (both gill and muscle biopsy), a tagged control, and an untagged control. All fish were  

measured for total length and weight to ensure sizes were consistent between treatments. Fish  

from the biopsy treatments and the tagged control group were tagged using 8mm Passive  

Integrated Transponder (PIT) tags (inserted in a small incision made using a scalpel, halfway 

between the anus and pelvis fins) for individual identification; fish from the untagged control  

group were identified based on total length and weight measurements.   

All fish were held for 2 minutes to ensure handling time was standardized between treatments,  

with gills kept fully submerged (except for during the gill biopsy during which the head was  

briefly lifted above the water to take 3-4mm of gill tissue from the distal end of gill filaments on 

the second gill arch). Muscle biopsies were taken from the dorsal musculature using a 4mm  

biopsy punch (Integra Miltex Disposable Biopsy Punch).   
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Behavioural assays   

Two behavioural assays were selected for this experiment: behaviour within a Z maze, and Flight  

Initiation Distance (FID). Previous research has used Z mazes as a method for studying  

exploratory and shelter-seeking behaviour in a new environment (Chapman et al. 2010; Hlina et  

al. 2021; Ramsaran et al. 2021), while FID tests have been used to examine how a fish might  

react to or flee from a new object, simulating predation events or food discovery in the wild  

(Wilson and Godin 2009; Hlina et al. 2021). As both the Z maze and the FID test examine  

behaviour directly applicable to hatchery reared fish after release into the wild, these assays were  

selected as behavioural endpoints for this study.  

Fish were first introduced to the Z maze (a rectangular arena constructed from black plexiglass,  

100cm x 80cm, filled with fresh water from the flow through tanks to a depth of 20cm), in a  

gated and covered refuge (20cm x 40cm) at one end of the arena. Three opaque black partitions  

were used to divide the main area of the arena into a Z pattern (Figure 3.1). Black pieces of  

plastic were fixed to the bottom of the arena in order to create a gird of 20 equal squares, with 4  

squares in each row of the maze. At the beginning of each trial, fish were introduced to the  

refuge and allowed five minutes to acclimatize to the space before the gate was removed and fish  

were allowed to explore the maze for a period of 15 minutes. As human interaction may cause a  

decrease in activity, a GoPro Hero 7 was mounted above the maze, and the fish’s behaviour and  

progression through the maze was observed via video recording. Successful emergence from the 

refuge, the amount of time each fish spent in the refuge, and swimming activity (quantified as the  

number of lines fish crossed) were all recorded during the 15-minute exploratory window. The  

water in the maze was drained and the maze was rinsed thoroughly with fresh water between  

each fish to reduce the influence of chemokines during the experiment.   
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Immediately after the Z maze trial, fish were transferred to the FID arena (a cooler, 80cm x  

38cm, filled to a depth of 30cm with a measuring tape lining the bottom, and each centimeter  

marked in different coloured electrical tape, Figure 3.2). Fish were given two minutes to  

acclimatize to the FID arena, before a novel object (a Carleton University Transit Pass  

resembling a credit card, 8.5cm x 5.5cm, light blue with holographic details) was lowered into  

the water column with the reflective side facing towards the fish and moved towards the fish at a  

steady rate (1cm per second). The approach stopped as soon as the fish moved to avoid the novel  

object, and the distance between the fish and the novel object was measured.   

Exhaustive Exerciser Challenge   

Following FID measurements, fish were transferred to a circular arena (diameter of 100cm) with  

a bucket (diameter 30cm) placed in the centre to create a doughnut shape to assess exercise  

performance. Such approaches have been widely used as a simple means to assess the  

swimming performance of fish (Milligan 1996; Kieffer 2000). Although this approach does not  

generate an actual swimming speed per se, it does provide a robust approach for making inter 

treatment comparisons (Portz 2007). Electrical tape was used to divide the arena into four equal  

quadrants to better determine distance travelled. Fish were chased around the arena using a small  

hand net until they reached the point of exhaustion, classified as the point at which they failed to 

burst swim away from three consecutive tail-grabs. The amount of time it took to reach the point  

of exhaustion for each fish and the number of line-crosses were recorded for each fish as per  

Samson et al. (2014).   

After the completion of all assays, fish were returned to the flow-through tank where their  

survival was monitored for seven days. After this monitoring period, all fish were euthanized  

using cerebral percussion, and the carcasses were examined for healing at the biopsy sites, and  
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for signs of infection.  

Statistical Analysis   

Data generated from this experiment were analyzed using RStudio Version 4.1.2 (R Core Team,  

2021). Z-maze behavioural metrics (successful emergence from the refuge, activity in the maze,  

and time spent in the refuge) were analyzed as dependent variables, with the biopsy treatment  

treated as the independent variable. All data were assessed for normality using Shapiro-Wilk  

tests. Successful emergence from the refuge was assessed using a Chi-square test, to determine if  

there was an association between successful emergence from the refuge and biopsy treatment.   

As data for the number of gridlines crossed in the z maze were not normally distributed and  

transformations were not able to sufficiently correct for normality (due to a large portion of fish  

not leaving the refuge during the 15-minute exploratory period, thus crossing zero gridlines) a  

Kruskal-Wallis test was used to compare the number of gridline crosses between biopsy  

treatments, as was the time spent in the refuge during the 15-minute exploratory period. 

Values for the time to exhaustion and the number of line crosses were transformed to correct for  

normality using Log10 and Square Root transformations, respectively. An analysis of variance  

(ANOVA) was then used to determine if there were differences in average time to exhaustion  

and number of line crosses between biopsy treatment groups. All associations were considered  

significant at p <0.05.   

3.3. Results   

Regardless of biopsy type, emergence success was found to be very low (Figure 3.3). Overall,  

only 46% of fish emerged during the 15 min trials. Our analysis found no evidence that biopsies,  

regardless of type, impacted successful emergence from the refuge within the Z maze (χ2 = 4.70,  
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DF = 4, p = 0.320). Similarly, biopsy treatment had no effect on the number of gridline crosses  

made during maze exploration (H= 3.150, DF= 4, p= 0.533). Finally, there was no evidence that  

the amount of time fish spent in the refuge throughout the experiment was impacted by biopsy  

type (H= 5.574, DF =4, p= 0.112). There was little evidence that biopsy treatment impacted FID  

(H= 2.00, DF= 4, p = 0.735, Figure 3.4) as well as in time to exhaustion (F=0.395, DF=4, p=  

0.813) and number of lines crossed in the chase tank (F=0.414, DF=4, p=0.798).   

Mortality was very low throughout the study with only three mortalities observed (2% mortality  

rate overall). All three mortalities were observed 24 hours after biopsy, with two fish coming  

from the gill biopsy treatment group, and one fish coming from the combined biopsy treatment.  

External examination of the carcasses showed no apparent signs of bruising or infection, but the  

carcasses were noted to be significantly lighter in colour than other fish sampled on the same 

day (shown in Figure 3.5). Furthermore, all fish that became observed mortalities were noted to 

be respiring at the water’s surface immediately after sampling upon return to the flow through 

tank  – an observation that was not observed for other fish.   

Evaluation of the biopsy sites after the seven-day monitoring period found bruising at 23% of the  

muscle biopsy sites in fish from both the muscle and combined biopsy treatments, and abscesses  

at the muscle biopsy site in 8% of all fish receiving that received muscle biopsies (Figure 3.6).  

Gill discolouration (light pink in colour, with pink or white tips of the gill filaments) was noted  

in 16% of all fish receiving a gill biopsy, but not in fish from the control or muscle biopsy  

groups.  

3.4. Discussion   

Based on the results of behavioural assays and exhaustive exercise tests, the present study  
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reveals that there were no detectable impacts of non-lethal biopsy on behaviour, fitness, and  

survival of juvenile Lake Trout. Of the behaviour assays done in this study, behaviour within the  

Z maze was severely limited by an overall low emergence rate of fish from the refuge. This  

limited emergence rate was however found to be consistently low across treatments, and in pilot  

experiments did not improve with increased time in the Z maze. Nonetheless, even with that  

limitation in our study, other assessments (e.g., FID test, swimming challenge) failed to detect  

differences either and mortality was exceedingly low.  

Previous work (see Réale et al. 2007; Wilson and Godin 2009) has documented a spectrum of  

personality in fish, including a personality axis of “boldness” to “shyness”; which could be 

strongly associated with the low emergence rate observed throughout the study. Within this 

personality continuum, fish have been observed to engage in more risk-tolerant or bold  

behaviours such as active exploration, whereas fish with a shyer phenotype are more likely to  

seek shelter or remain in one place (Wilson et al. 1993). In the wild, boldness may be associated  

with both positive and negative life histories; in some species, boldness (particularly in males)  

may increase chances of reproductive success but may also increase risk of predation. Boldness  

in fish is thought to arise both from genetic inheritance and predation pressure during  

development. In a hatchery environment where many fish come from the same broodstock and  

predation pressure is non-existent, boldness may still be selected for during feeding, as more  

aggressive individuals may be able to increase their food intake during feeding (Sundström et al.  

2004; Martins et al. 2012b). Quantifying boldness or shyness in the strain of Lake Trout used  

here was outside the scope of our study but may be beneficial in future work to further elucidate  

the combined effect of biopsy treatment and personality.  

Similar to emergence from the refuge, swimming activity (in the context of number of gridlines  

crossed in the maze) and time spent in the refuge were not found to relate to non-lethal biopsy  
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methods, although results were limited by low emergence rates. Although individual personality  

may further play a role in behaviours exhibited by fish and measured in this study, other research  

has found swimming activity to be a proxy determinant of stress levels via blood physiology  

analysis (Svendsen et al. 2021). Our research found swimming activity throughout the Z maze  

trials to be consistent between biopsy treatments, and since emergence success, activity, and time  

spent in the refuge were not found to differ between biopsied fish and our two control groups,  

observed behaviours likely resulted from personality differences rather than changes in stress  

levels because of non-lethal biopsy. 

 

Reactivity observed during the FID assays did not reveal differences between non-lethal biopsy  

types, indicating that non-lethal biopsy does not yield a significant enough amount of stress to  

impair reactivity or avoidance responses. This has important implications on behaviour in the  

wild, as reactivity is an essential component of avoiding predation (Dill 1974; Fuiman et al.  

2006). Furthermore, exhaustive exercise assays did not find that biopsies impaired the fitness of  

fish, as both time to exhaustion and total distance swam were consistent across treatments. Given  

that high intensity exercise is a routine component of fish life histories (e.g., fisheries  

interactions, migrations, feeding behaviours, and predator avoidance) (Elvidge and Cooke 2020),  

the findings that non-lethal biopsy has minimal impact on fish performance suggests such  

methods can be used in the field without impacting essential ecological activities.  

Although mortality rates were low overall, previous research (i.e., Van Der Salm et al. 2004; Vitt  

et al. 2022) has determined that changes in colour (as noted in fish in this experiment prior to  

mortality) can be highly reflective of the physiological state of the fish (Yi et al. 2021). Pigments  

(including carotenoids) have been found to be directly affected by oxidative stress, which may be  

caused by challenges to the immune system (Sefc et al. 2014). Stress-related changes in pigment  

expression and concentration have been documented across a number of taxa, and as such  
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colouration is strongly associated with fish condition and welfare (Vitt et al. 2022). In our study,  

all the mortalities were noted to be much lighter in colour than their counterparts as little as four  

hours after biopsy. Similar changes in colour were noted in the four fish from the muscle and  

combined biopsy treatments that were observed to have abscesses at the biopsy site seven days  

after biopsy. Given the established relationship between colour and condition, these observations  

suggest a deterioration in health status likely associated with primary or secondary pathogen  

infection.   

Results from this experiment indicate that non-lethal gill and muscle biopsies may be used safely  

with limited impact on fish exploratory behaviour and reactivity, and do not impair behaviour or  

swimming performance at 24-hours after sampling in juvenile Lake Trout. Furthermore, multiple   

biopsy types may be used simultaneously without causing impairment in behaviour and  

performance. Nonetheless, there was evidence of low levels of mortality with fish that had gill 

biopsies and some indications that injuries caused by muscle biopsies may not heal well for all  

fish. As such, care should be taken when conducting muscle biopsy with gill biopsy preferred if  

it yields the tissues needed for a given purpose. Given the importance of maintaining fish  

welfare both in hatchery and natural settings, this study provides important validation work on a  

vital technique for monitoring fish health and condition.  
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Figures   

Figure 3.1: Z maze, conducted out of black plexiglass and filled to a depth of 20cm with fresh  
water. A refuge (A) is located at one end of the maze, which was gated and covered during the 5- 
minute period fish were given to acclimatize to the maze. A grid of 20 equal squares was created  
using lines of black plastic (B) laid along the bottom.  
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Figure3.2: Flight Initiation Distance (FID) arena, constructed using a cooler (80cm by 30cm)  
filled to a depth of 30cm using fresh water. A measuring tape was fixed to the bottom of the  
cooler, with different coloured electrical tape marking each centimeter.  
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Figure 3.3: Successful emergence from the refuge by juvenile Lake Trout (Salvelinus  
namaycush) for each biopsy treatment type during the 15-minute exploratory window.  
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Figure 3.4: 
Flight Initiation Distance (in cm) measured in juvenile Lake Trout (Salvelinus  namaycush) 
from a novel object in different non-lethal biopsy treatment types. Black circles in  the centre 
of each violin indicate the mean, with error bars showing the standard deviation.  
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Figure 3.5: Juvenile Lake Trout (Salvelinus namaycush) pictured 4 hours after non-lethal gill  
biopsy; Fish A was notably lighter in colour than Fish B (also a gill biopsy), and Fish A was  
found dead the following day.  
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Figure 3.6: Juvenile Lake Trout (Salvelinus namaycush) with dorsal muscle biopsies, significant  
bruising noted at the biopsy site (A), and an abscess noted at the biopsy site (B).  

 



49 
 

Chapter 4: Evaluation of biopsy methods on walleye implanted with electronic tags  

Laura S.E. Haniford, Matt Faust, Ken M. Jeffries, Declan Burton, Myra Thapar, Christian Bihun  
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Abstract  

Biopsy techniques that involve collection of small quantities of tissue have been used to evaluate  

the health of native freshwater fishes. Although previous validation has been carried out in  

laboratory settings on how fish respond to biopsy, researchers have yet to evaluate the impact  

biopsy has on health and fitness after sampling in the field. Furthermore, there is little research  

regarding the suitability of combining biopsy with other methods, such as electronic tracking and  

tagging studies, with Cooke et al. 2005 being one of the few documented studies. Here, we  

analyze how adult male Walleye respond to gill, muscle, and blood biopsies when also implanted  

with electronic V13 tags. Reflex action mortality predictors (RAMP) and qPCR were used to 

evaluate reflex impairment and expression of Major Histocompatibility Complex Class II and  

Glucocorticoid Receptor 1. Fish were monitored for a total of 10 days to assess how biopsy  

impacted survival, and only one mortality occurred in this monitoring period. There was little  

evidence that biopsies, regardless of type, caused impairment or changes in regulation after  

sampling, and biopsy had no impact on survival.   

4.1 Introduction   

Global freshwater fisheries play a critical role in recreation, nutrition, economics, and culture  

(Welcomme et al. 2010). Despite the social and intrinsic value of freshwater systems and  

fisheries, anthropogenic effects have cause widespread changes to freshwater systems, the  

impacts of which are still being studied (Naiman and Turner 2000). To successfully mitigate  

challenges caused by anthropogenic activities, scientists must have a detailed understanding of  

how freshwater systems are being impacted, and what effect these changes have on freshwater  

fish. As such, developing tools to identify how changes are impacting freshwater systems is 

critical to successful and targeted conservation efforts. Several recent technological  

developments (reviewed in Cooke et al. 2022) are reshaping how wild fish can be studied to  
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understand the ways in which various stressors influence fish behaviour, physiology, and 

fitness  (e.g., survival). Most notable are electronic tagging and tracking tools and the suite of 

omics  technologies.   

Electronic tagging and tracking tools are used to monitor fish movement and activity (Thorstad  

et al. 2013; Cooke et al, 2013), and are essential for identifying critical habitat as they allow  

researchers to identify spawning grounds, migration corridors, and nursery habitat 

(Brownscombe et al. 2022; Crossin et al. 2017). Omics tools allow researchers to study  

expression of genes and proteins related to stress and health status (Connon et al. 2018).  

Although both technologies are critical for successful management, additional strength can arise  

from combining electronic tagging and tracking with biopsy, particularly as tag implantation  

gives researchers an opportunity to collect tissue samples.   

Some studies have already combined electronic tagging with omics, such as in Miller et al. 2011,  

where genomic signatures were used to predict spawning failure in Sockeye Salmon, or in  

Kristensen et al. 2021 in which multiple ecotypes of Atlantic Cod (Gadus morhua) were  

identified using telemetry and genotyping. Tissue biopsies used for omics work previously  

required lethal sampling, which limited researchers to smaller sample sizes and unprotected  

species, however, given the increased sensitivity of sequencing tools, most assays now only  

require very small amounts of tissue which can be taken from a living specimen. As such, small  

quantities of blood, muscle, gill, or other tissue can be collected to answer the same research 

questions as traditional lethal methods. Non-lethal samples can further be used to assess  

energetics, contaminant burden, or pathogen load, and can be highly impactful when combined  

with electronic tracking studies.   
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Although previous validation work has been done in a laboratory setting to evaluate survival  

after biopsy (McCorrnick 1993; Ackerson et al. 2014; Zhao et al. 2014), there are no current  

studies that address the impact biopsy has on health and stress. This knowledge gap is a major  

barrier to the widespread use of biopsy with other technologies; given that biopsy is an additional  

procedure beyond tag implantation, researchers have justifiable concerns regarding the welfare  

of fish after biopsy. Furthermore, behaviour and survival are major endpoints in tagging and  

tracking studies. Should biopsy be found to alter these endpoints, the benefit of combining non 

lethal sampling with other techniques is largely lost.   

In this study we aim to evaluate if biopsy influences the survival and physiological status of fish  

implanted with electronic tags. Gill, muscle, and blood biopsy were all evaluated individually  

and as a combined treatment with fish held in net pens and assessed for survival and  

physiological status after 10 days. Previous studies (e.g., Raby et al. 2012) have found that reflex  

action mortality predictors are a highly effective method of measuring stress and vitality in fish  

and have been successfully used to predict post-release mortality (Davis 2010). Collected tissue  

samples can be further analyzed to evaluate expression of genes related to health and immune  

function. Walleye are a highly motile species, and their movement is currently being studied  

throughout the Great Lakes (Hayden et al. 2014; Brooks et al. 2019; Matley et al. 2020; Euclide  

et al. 2021; Elliott et al. 2023). Given the wealth of telemetry work that is already ongoing with 

this species, we chose the male spawning population in Sandusky, Ohio, for initial validation  

studies.  

4.2 Methods   

All research conducted in this study was carried out following the Carleton University Animal  

Care Protocol (REF 110723).  
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Fish collection and initial holding   

Adult male Walleye (n= 135, average total length 425mm + 38mm) were collected from the  

Sandusky River (Ohio, USA) on March 22nd and April 4th, 2022, via electrofishing, and held  

overnight in a hatchery truck tank (left running, to maintain temperature and dissolved oxygen  

levels). Before starting the experiment, fish were transferred to cattle troughs fed with fresh lake  

water, where they were held until surgery.   

Electronic tag implantation and biopsy   

Tagging methods used in this study followed previously established protocols (Elliott et al.  

2023). The sex of all fish was confirmed by applying light pressure to the abdomen to stimulate  

the release of gametes. Each fish was also measured for total length (in mm). Fish were placed  

supine in a cradle created using soft mesh, with a hose inserted through the fish’s mouth to keep  

the gills oxygenated. Fish were immobilized using a TENS unit throughout the surgery and  

biopsy process. A small incision (approximately 2cm in length) was cut using a scalpel on the  

ventral side of the fish midway between the anus and pelvic fin, and a dummy V13 tag (35 x  

10mm, Vemco, Halifax NS) was inserted into the abdominal cavity through the incision. The 

incision was then closed using 2-3 interrupted stiches using 4-0 coated vicryl dissolvable sutures  

(Ethicon).   

Fish were then assigned to one of five treatments; a tagged control, blood, gill, or muscle biopsy,  

or a combined biopsy treatment in which all three biopsy types were done simultaneously.  

Methods for taking biopsy samples were done as outlined in Chapter 1. Gill biopsies from both  

the gill and combined treatment were transferred to RNA Later (Invitrogen, ThermoFisher  

Scientific) for later analysis. Finally, an 8mm PIT tag was inserted using a needle into the soft  

tissue under the jaw. Surgery and biopsy were timed using a stopwatch so handling time could be  
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including in the analysis. An additional group of non-tagged control fish had gill biopsies  

collected immediately after capture in order to establish a baseline of expression in fish without  

biopsies or implanted tags.   

Reflex impairment assessment   

Previous work (Davis 2010) has validated the use of reflex impairment in predicting fish stress  

and mortality. Given that this method has been shown to be quick and effective, reflex  

impairment assessments were used to evaluate impairment after biopsy and surgery. Fish were  

transferred to a cooler filled with fresh lake water where reflexes (bursting and equilibrium) were  

assessed. Reflexes were tested at five-minute intervals, and once fish had passed both bursting  

and equilibrium assessments they were moved to an open net pen (3x4m) suspended in Lake  

Erie. All fish were transferred to the net pen within ten minutes of sampling.  

 

Survival Assessment   

The net pen was checked daily for mortalities, and fish were monitored for a total of ten days.  

After this monitoring period, gill biopsies were taken from all fish prior to euthanization using  

cerebral percussion. Healing at the muscle and surgery site was noted for all fish.   

RNA extraction, cDNA Synthesis and Chip Analysis   

RNA extraction was done using RNeasy Plus Mini Extraction Kits (Qiagen 74034). Extraction  

was done following the Qiagen protocol with several minor modifications (outlined in Appendix  

A). After extraction, RNA concentration and purity was determined using Nanodrop, and gel  

electrophoresis (done on a 1% agarose gel) was used to verify the quality of RNA. Samples were  

then made to a standard concentration of 1500ng/uL for cDNA library synthesis (done using  

High-Capacity cDNA RT Kit, ThermoFisher Scientific).   
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An STP (Stress Response Transcription Profile) chip developed by Gen-FISH was used to  

determine expression of 25 different genes related to health and immune function (listed in Table  

1) using qPCR on a TAQMAN Open Array Block. For the purpose of this thesis, only results for  

Glucocorticoid Receptor 1 (GR1) and the Major Histocompatibility Complex Class 2 (MHC-II)  

have been analyzed. The 60S Ribosomal Protein L7, 40S Ribosomal Protein S9, and Ribosomal  

Protein L13A were all used as endogenous controls. All samples were run in duplicate, and data  

was filtered to select only amplified samples with a CRT standard deviation value below 3. The  

average CT values were then calculated for samples where both duplicates were included after  

filtration. After filtration, all samples were normalized using the three endogenous reference  

genes following the normalization process described in Vandesompele et al. 2002.  

 

Data analysis   

All statistical analyses were preformed using R Studio (version 4.1.2, R Core Team 2021).  

Successfully passing the reflex assessment was measured as a binary response (pass or fail), and  

the time at which fish passed was treated as categorical. A Chi-square test was used to determine  

whether there was an association between biopsy treatment and the time it took to pass reflex  

assessments.   

An analysis of variance (ANOVA) was used to evaluate whether average delta CT values for  

MHC-II and Glucocorticoid Receptor 1 differed between biopsy treatments for all samples taken  

at the end of the 10-day monitoring period. Paired T-tests were used to determine whether  

expression of MHC-II and Glucocorticoid Receptor 1 changed in the same fish between initial  

sampling and at 10 days post-sampling.   
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4.3 Results   

Regardless of biopsy treatment, there was no association between biopsy treatment and the time  

at which fish passed the equilibrium (χ2 = 8.05, df = 8, p = 0.43) and bursting assessments (χ2 =  

6.61, df = 8, p = 0.58). Most fish passed both assessments immediately after sampling, shown in  

Figures 4.1 and 4.2, and no fish took longer than 10 minutes to pass both assessments.   

There was no association in the average CT values for MHCII (F= 0.15, df= 2, P =0.10) and  

Glucocorticoid Receptor 1 (F=0.19, DF= 2, P=0.10) when gill and combined biopsy treatments  

were compared with untagged control fish between samples taken during the initial tagging.  

Furthermore, there was little evidence that treatment impacted CT values for MHCII (F = 0.02,  

df = 5, p = 0.98, Figure 4.3) and GR1 (F= 0.12, df = 5, p = 0.97, Figure 4.4) in samples taken  

from fish at the end of the 10-day monitoring period. When CT values were compared in the  

same fish initially and after 10 days or monitoring, there was no evidence that biopsy altered  

expression of MHCII and Glucocorticoid Receptor 1 (Table 4.2)  

At the end of the 10-day monitoring period, one fish was euthanized because of advanced  

concurrent infections of Lymphocystis and Saprolegnia. That fish was in the muscle biopsy 

treatment. No other mortalities were observed throughout the study and fish were generally  

vigorous at the conclusion of the study.   

4.4 Discussion  

Based on the results of the reflex impairment assessment for bursting and equilibrium, the  

present study indicates that biopsy methods had no impact on reflexes immediately after  

sampling. Furthermore, there were no detectable impacts of biopsy on Major Histocompatibility  

Complex Class II and Glucocorticoid Receptor 1 expression immediately after sampling or at 10  
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days post-sampling. In addition to this, expression of both MHCII and Glucocorticoid Receptor 1  

was found to be similar when compared in the same fish during initial sampling and after 10  

days. Here I discuss key findings.  

Previous studies have used reflex assessment scores to quantify stress in fish; given that a reflex  

is an involuntary response to a stimulus, multiple reflexes can be assessed to produce a real-time  

reflex index which has been shown to be strongly correlated with stress (Raby et al. 2012). In  

this study, nearly all fish passed both the bursting and equilibrium assessments immediately after 

surgery, indicating that both V13 tag implantation and biopsy caused minimal disturbance to  

overall homeostasis. This is further confirmed when comparing the change in gene expression  

between biopsy treatments taken immediately after surgery. For this study we used  

electrosedation. The use of electrosedation during surgery in fish has become increasingly  

popular due to the shorter duration and recovery time (Reid et al. 2019). The impact of  

electrosedation on blood cortisol levels has been found to be dependent on species (Abrams et al  

2018); here, we did not detect an effect of electrosedation on stress response when examining  

gene expression.   

Both Glucocorticoid Receptor 1 and Major Histocompatibility Complex Class II play crucial  

roles in the stress response of fish. During a stressor, cortisol is secreted into the bloodstream  

from adrenal glands (Aedo et al. 2023). Once secreted, cortisol binds to Glucocorticoid Receptor  

1 and initiates a molecular cascade which allows the fish to respond to the stressor, such as by  

increasing metabolism and energy production which may be crucial for burst swimming required  

for predator avoidance or during angling interactions (Lawrence et al. 2019; Kennedy and Janz  

2023). Although beneficial for short term stress response, long-term upregulation may sequester 

energy from other essential functions (e.g., growth, reproduction, osmoregulation) (Kennedy and  

Janz 2023). The degree to which cortisol levels (and subsequent upregulation of Glucocorticoid  
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Receptor 1) can vary widely between fish species (Vallejos-Vidal et al. 2022), and quantification  

of stress based on expression requires specific previous knowledge on species and population  

(Aedo et al. 2023). Given that no baseline is currently known for the Sandusky River spawning  

population, the important distinction in our study is that Glucocorticoid Receptor 1 expression  

was found to be consistent both across time periods (pre and post sampling) and across treatment  

groups (gill biopsy and combined treatment). Furthermore, Glucocorticoid Receptor 1 expression  

for all biopsy types was not found to be detectably different in control fish which had no tag  

implanted. As such, results from our study suggest that non-lethal biopsies, regardless of the  

type, do not impact regulation of Glucocorticoid Receptor 1, nor do they indicate an increase in  

stress caused by biopsy.   

Similar to GR1 expression, no alteration in MHCII expression was observed in this study. Given  

that surgery, handling, and biopsy all have the potential to introduce pathogens through dermal 

disturbance and associated injury, changes in immune system regulation would be expected to  

occur. MHCII plays a vital role in the adaptive immune system of fishes as it is responsible for  

presenting foreign peptides to T cells, resulting in the release of cytokines which in turn signal  

and recruit other immune cells (Dijkstra et al. 2013; Li et al. 2017). Here, expression was found  

to be consistent between time periods, indicating that no one treatment made fish particularly  

vulnerable to pathogenic infections. Interestingly, some fish were observed to have  

Lymphocystis prior to sampling, and the outliers shown in Figure 4.3 correspond to those fish.  

Most wild fish harbour pathogens although the extent to which they become pathogenic may be  

influenced by the condition of the fish.  

One limitation of this study was that no positive control was included to determine what MHCII  

and GR1 expression profiles would resemble in Walleye from the Sandusky River spawning  

population experiencing acute or chronic stress. Here, biopsy treatments were only compared to  

wild fish that had not been electronically tagged or biopsied. The use of a positive control would  
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clarify what level of gene expression could be expected given the scale of the stressor but was  

outside the scope of the current study.  

 

In conclusion, the findings of this study indicate that non-lethal biopsies, regardless of the type,  

do not cause reflex impairment, nor do they alter expression of Glucocorticoid Receptor 1 and  

Major Histocompatibility Complex Class II. Although careful experimental design should  

always be undertaken in order to maximize animal welfare, our findings suggest that gill,  

muscle, or blood biopsies are suitable for combination with electronic tagging and tracking  

studies. This creates opportunities for tagging fish and obtaining a biopsy prior to release and  

then subsequently assessing relationships between fish behaviour and fate with various  

biomarkers assessed using the non-lethal biopsies. Although there has been much validation  

work with salmonids (e.g., Cooke et al. 2005), this is among the first few studies to assess these  

methods in warm-water systems where opportunistic infections like saprolegnia are common.  
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Tables  

  

Table 4.1: Genes selected for STP Chip Developed by GEN-FISH  
GENE FUNCTION  GENE SYMBOL  GENE NAME  

STRESS RESPONSE  nr3c1 (or gr1)  Glucocorticoid receptor 1  

STRESS RESPONSE  nr3c2 (or mr)  Mineralocorticoid receptor  

STRESS RESPONSE  hsd11b1  11β-hydroxysteroid dehydrogenase 1  

STRESS RESPONSE  serpinh1a / serpinh1b  Serpin Family H1 (hsp47)  

STRESS RESPONSE   hsp70a / hsp70b  Heat shock protein 70a / 70b  

STRESS RESPONSE  hspa4a / hspa4b  Heat shock 70 kDa protein 4  

STRESS RESPONSE  hspa8  Heat shock cognate 71 kDa protein (hsc70)  

STRESS RESPONSE  hsp90ba / hsp90bb  Heat shock protein 90 (constitutive)  

STRESS RESPONSE  cirbpa / cirbpb  Cold inducible RNA binding protein  

STRESS RESPONSE  mmp2  matrix metalloproteinase 2 (constitutive)  

ENDOCRINE 

DISRUPTION  
esr1  Estrogen receptor 1  

ENDOCRINE 

DISRUPTION  
esr2a  Estrogen receptor 2a  

ENDOCRINE 

DISRUPTION  
esr2b  Estrogen receptor 2b  

ENDOCRINE 

DISRUPTION  
ar  Androgen receptor  

ENDOCRINE 

DISRUPTION  
cyp19a1a  cytochrome P450, family 19, subfamily A,   

polypeptide 1a (ovarian aromatase)  
GROWTH AND 

METABOLISM  
ghra/ghrb  Growth hormone receptor  

GROWTH AND 

METABOLISM  
igf1  Insulin-like growth factor 1  

GROWTH AND 

METABOLISM  
igf2a/igf2b  Insulin-like growth factor 2  

GROWTH AND 

METABOLISM  
cpt1b  Carnitine palmytoltransferase 1B  

GROWTH AND 

METABOLISM  
ctsd  Cathepsin D  

IMMUNE FUNCTION  CaM/CALM  Calmodulin  

IMMUNE FUNCTION  MHC-I  Major histocompatibility complex class 1  

IMMUNE FUNCTION  MHC-II  Major histocompatibility complex class 2  

IMMUNE FUNCTION  STAT1  Signal transducer and activator of transcription 1  

IMMUNE FUNCTION  TAPBP  Tapasin  

ENDOGENOUS 

CONTROL  
rpl7  60S ribosomal protein L7  

ENDOGENOUS 

CONTROL  
rps9  40S ribosomal protein S9  

ENDOGENOUS 

CONTROL  
rpl13a  ribosomal protein L13a  
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Table 4.2: Comparison of delta CT values for MHCII and GR1 in adult male Walleye (Sander 

vitreus) from the gill and combined biopsy treatments before and after the 10-day monitoring 

period   

  

  MHCII  GR1  

Gill  t = -0.35, df = 16, p-value = 0.73  t = -0.11, df = 21, p-value = 0.92  

Combined   t = 0.04, df = 20, p-value = 0.98  t = -0.34, df = 23, p-value = 0.74  
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Figures   

Figure 4.1: Biopsy treatments done on adult male Walleye (Sander vitreus), and the time  
required to pass the reflex assessment (bursting)  
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Figure 4.2: Biopsy treatments done on adult male Walleye (Sander vitreus) and the time required  
for fish to pass the reflex assessment (equilibrium)  
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Figure 4.3: Biopsy treatments done on adult male Walleye (Sander vitreus) and delta CT values  
measuring gene expression of MHCII in gill tissue samples collected 10 days after initial biopsy  
and tagging. Black circles represent the mean, with standard error bars showing standard   

deviation,  
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Figure 4.4: Biopsy treatments done on adult male Walleye (Sander vitreus) and delta CT values  
measuring gene expression of GR1 in gill tissue samples collected 10 days after initial biopsy  and 
tagging. Black circles represent the mean, with standard error bars showing standard   

deviation,  
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Chapter 5: Conclusions and future research directions  

The research outlined in this thesis offers an in-depth analysis of how biopsy techniques  

influence the behaviour, fitness, and health of three freshwater fishes. In Chapter 2, male  

Smallmouth Bass were assessed for their parental care abilities for a period of four weeks after  

sampling. Results from that study revealed that behaviour was largely unaffected, however the  

biopsy treatment comprised of multiple biopsy types was found to be a strong predictor of nest  

abandonment. Similar results were observed in Chapter 3, where muscle and gill biopsies were  

not found to influence exploratory and reactivity behaviour in juvenile Lake Trout. Furthermore,  

that chapter revealed that biopsies, regardless of type, did not hinder swimming performance 24  

hours after biopsy. Finally, in Chapter 4, reflexes and expression of Glucocorticoid Receptor 1  

and Major Histocompatibility Complex Class 2 genes were found to be similar across all biopsy  

treatments, regardless of when samples were collected. Across the board, mortality was  

negligible emphasizing that this approach is indeed a non-lethal sampling method.  

The consequences of physiological biopsy were largely negligible in the three studies that were  

part of this thesis, with the combined biopsy treatment (blood, gill, and muscle) in the  

Smallmouth Bass chapter being the only instance of biopsies being observed to impair  

behaviour. Here, the combined biopsy treatment was found to increase nest abandonment rates in  

male bass. Given that nest abandonment has been shown to occur in fish when stressors  

outweigh the benefit of continued parental care (Siepker et al. 2009; Lunn and Steinhart, 2010) 

results indicate that latent stress caused by biopsy may be sufficient to exceed this stress  

threshold. Furthermore, nest abandonment did not occur immediately after biopsy, and  

mortalities in this study were not detected until a week after sampling.  
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Previous definitions of stress have been repeatedly refined in order to include both ecological  

and physiological definitions (Steckler et al. 2005). The term “allostasis” was introduced to  

describe the physiological response to daily and seasonal variations, such as changes in  

temperature, reproductive state, or environmental conditions (McEwen and Wingfield, 2003).  

The concept of allostasis was further refined in Romero et al. 2009, via the introduction of the  

Reactive Scope Model, a model which seeks to combine stress, allostasis, and homeostasis into  

one model. Here, determinants of the physiological stress response are broken into four ranges,  

which encompass predictable (Predictive Homeostasis) and unpredictable (Reactive  

Homeostasis) environmental changes, and the pathological effect of short-term and long-term  

stressors that exceed an organism’s ability to maintain homeostasis (Homeostatic Failure and  

Homeostatic Overload, respectively) (Romero et al. 2009). The Reactive Scope Model can  

provide additional context for the response of fishes to biopsy in our three studies; nesting failure  

in Smallmouth Bass from the combined biopsy treatment could fit well within the range of  

Homeostatic Overload, as here the combined effect of angling, nest defence, and multiple  

biopsies was found to exceed the threshold for stress identified in previous studies during the  

nesting season. In contrast, given that no impact of biopsy was observed in Walleye and Lake  

Trout, fish likely were in the Reactive Homeostasis state, where fish were able to respond to  

biopsy without suffering long term changes in behaviour or survival.   

To try and capture physiological changes during the 7-day period noted to be significant in  

Smallmouth Bass, gill samples were taken from all male Walleye in Chapter 4, both initially  

during the experiment, and again 10 days later. Previous work (e.g., Bortoletti et. al. 2021) that  

has evaluated the stress response in fish using expression of Glucocorticoid Receptor 1 has 

indicated that short-term stressors (e.g., air exposure, handling) result in increased expression 

or  GR1 in a time and tissue dependent manner. Although this may be specific to individual 

species,  generally GR1 expression is found to decrease within 24 hours of exposure to the 
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stressor (Vallejos-Vidal et al. 2022). In the case of chronic stress, however, GR1 expression 

remains  elevated for longer durations (days to weeks; Tort 2011). Based on the nest 

abandonment rates of  Smallmouth Bass, I would have expected to observe increased GR1 

expression in Walleye from  the combined treatment. Moreover, I predicted that GR1 

expression would have remained  elevated in Walleye from the combined treatment in samples 

collected 10 days post-biopsy.  Given that expression of GR1 remained consistent throughout 

the Walleye study, results of  Chapter 4 indicate that either chronic stress was not experienced, 

gill tissue was not able to  sufficiently capture GR1 expression, or 10 days was too far outside 

the range to adequately  capture elevated GR1 expression and fish had fully recovered.   

Throughout these three studies, mortality rates were consistently very low, with between 0.5-2% 

of all fish sampled in each study resulting in mortalities. This is consistent with findings in  

Ackerson et al. (2014), in which a survival rate of 97% was determined in Smallmouth Bass that  

received muscle biopsies. Other studies (e.g., Lockhart et al. 1972; Osmundson et al. 2000;  

Baker et al. 2004) have noted repeated capture of biopsied individuals, further indicating that  

biopsies may be well tolerated, even in natural settings where predation, feeding requirements,  

and competition are ecological realities. As such, results found suggest that the majority of  

biopsies do not cause mortality, and cases where they cause mortality are uncommon.  

 

Furthermore, evaluation of the euthanized fish revealed no evidence of disease, and in the  

Walleye study although expression of MHCII and GR1 were elevated in fish with observed  

lymphocystis infection, expression did not significantly differ from other fish with no evidence  of 

infection. Moreover, there was little evidence that expression of both MHCII and GR1  increased 

in diseased fish after initial biopsy, which may further indicate that biopsy did not  cause 

additional stress. MHCII expression was not able to be quantified in the one mortality from  the 

Walleye study due to insufficient amplification during PCR, however MHCII expression  
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captured in the initial biopsy was higher than in other samples (although not statistically  

different), indicating likely prior infection.   

Of the species studied here and in previous work, many of these species are the target of  

electronic tagging and tracking studies (GLATOS 2023). When combining biopsy with fish that  

have been tagged, researchers are able to identify the connection between the internal state of a  

fish and the fish’s behaviour and fate (Cooke et al. 2005; Cooke et al. 2008; Boe et al. 2020). 

Such studies have already been critical in identifying mechanisms behind successful or impaired  

migration in Pacific (Miller et al. 2011) and Atlantic Salmon (Benthal et al. 2022), and the  

validation work done here further emphasizes the plausibility of combining sampling methods to  

elucidate mechanisms behind behaviour and fate in a wide range of freshwater species spanning  

families and body sizes.  

Although this work provides important validation framework for future studies, concern remains  

regarding biopsy on more delicate species. Observations from other researchers have noted that  

not all biopsy types are suitable for all species. Freshwater Drum (Aplodinotus grunnies), for 

example, were observed to be in extremely poor condition to an extent which required  

euthanization after a muscle sample was taken using a muscle punch (Dr. Caleb Hasler, personal  

communication). In our research, muscle biopsy was only found to cause mortality for one  

individual across all three studies, and the Walleye in which the mortality occurred was observed  

to be impaired via lymphocystis infection prior to sampling. As such, continuing to ensure that  

biopsy is well tolerated in individual species is critical to maintaining welfare status during  

experimentation, and research should be expanded to include additional species.   

Furthermore, the results of Chapter 4 failed to capture any measurable response to non-lethal  
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sampling when using transcriptomics to measure MHCII and GR1 expression. Future analysis  

will include expression of genes in Table 4.1, which may be able to capture stress or immune  

response more accurately to sampling. Additionally, taking samples from different tissues and  

expanding upon timepoints at which tissues were collected may provide greater context to the  

stress and immune response. In Vallejos-Vidal et al. 2022, cortisol levels were noted to spike in  

blood and skin samples of Sea Bream (Sparus aurata) between 1- and 6-hours post air exposure.  

In our work, samples were only taken either immediately after tag implantation, or 10 days after,  

and so time periods selected would have missed any significant changes in gene regulation in the  

hours which followed biopsy. Evaluating the stress response to biopsy in shorter time intervals  

could provide crucial insight to the impacts which biopsy have at a cellular level.   

An additional future direction for evaluation of biopsy would be an extension of the monitoring  

period in order to assess biopsy through all stages of healing. Although previous research (Zhao  

et al. 2014; McCormick 1993) noted that cuts from gill biopsies were found to be fully healed 

within 7 days of biopsy, the time required to regenerate tissue lost may exceed 40 days (as  

identified in the model species Danio rerio) (Ramel et al. 2021). Furthermore, muscle biopsies  

have been noted to fully healed in Smallmouth Bass within two months of biopsy (Ackerson et  

al. 2014). Due to the longer timeframe noted in previous research, continuing to evaluate how  

biopsy impacts behaviour, survival, and transcriptomic expression throughout the healing  

process is essential to help ensure the safety of biopsy.   

In the broader context of relevance to the field, this work illustrates that biopsy has negligible  

consequences on the welfare and fitness in Smallmouth Bass, Walleye, and juvenile Lake Trout.  

This further adds to previous validation work, in which Atlantic Salmon (Boe et al. 2020),  

Sockeye Salmon (Cooke et al, 2005), Northern Pike (Baker et al. 2004), and Lake Whitefish  

(Baker et al. 2004) were found to be largely unimpaired by biopsy. Given that putative non-lethal  
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sampling methods are increasing in popularity, this research emphasizes that it is possible to  

collect tissue samples from live fish while still maintaining adequate welfare. 
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Appendix A  

Qiagen RNA Extraction Mini-Kit Extraction Protocol (Modified from manufacturer’s guidelines) 

1.  Cells: Harvest 3-4 gill filaments and blot any access RNAlater on a Kimwipe. 

Add      600uL of Buffer RLT and homogenize for 10 minutes. Add 1 volume (500ul) of 

70% ethanol to the lysate, and mix well by pipetting. Do not centrifuge. Proceed 

immediately to step 3.  

2. Transfer up to 700 μl of the sample, including any precipitate, to an RNeasy Mini spin 

column placed in a 2 ml collection tube (supplied). Close the lid, and centrifuge for 1 minute 

at 13000x g. Discard the flow-through.  

3. Add 700 μl Buffer RW1 to the RNeasy spin column. Close the lid, and centrifuge for 1 

minute at 1300 x g. Discard the flow-through.  

4. Add 500 μl Buffer RPE to the RNeasy spin column. Close the lid, and centrifuge for 1 

minute at ≥1300x g. Discard the flow-through.  

5. Add 500 μl Buffer RPE to the RNeasy spin column. Close the lid, and centrifuge for 2 min 

at ≥1300 x g. Place the RNeasy spin column in a new 2 ml collection tube (supplied). 

Centrifuge at full speed for 2 min to dry the membrane.  

6. Place the RNeasy spin column in a new 1.5 ml collection tube (supplied). Add 50 μl RNase-

free water (warmed to 60 C) directly to the spin column membrane. Close the lid, and 

centrifuge for 2 min at ≥1300 x g to elute the RNA.  

 


