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Invasive species have large ecological and economic costs. Trapping could be used for 

effective control. I used underwater video to monitor behaviour of invasive Sea Lamprey at traps 

located at a hydroelectric dam. I tested if few lamprey enter traps because high discharge from 

the dam prevented them from reaching openings, conspecifics deterred them from entering, and 

if more time spent at traps increased entrance rates. High discharge and conspecifics did not 

prevent lamprey from reaching and entering traps, and more time at traps increased entrance 

rates. Second, I collected lamprey from the field and assayed their behaviour in the lab to test if 

some lamprey were more vulnerable to trapping due to personality differences. Trapped lamprey 

reduced their activity when a predator cue was added compared to lamprey captured by 

electrofishing. Control rooted in behavioural understanding is a promising management option if 

these behaviours can be exploited for trapping.  
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PRODUCTION NOTE 

 

This thesis was written in the form of two manuscripts. Parts of the introduction and methods 

may be repetitive between chapters. The style of each chapter was written with a specific journal 

in mind. Chapter 1 will be submitted to the Canadian Journal of Fisheries and Aquatic Sciences, 

a journal focused on furthering and questioning current knowledge on fisheries and aquatic 

sciences. Chapter 2 will be submitted to Animal Behaviour, a journal that publishes articles on 

various aspects of behaviour of animals.  



1 
 

PROLOGUE 

 

Invasive species are a global problem (Palmer et al. 2004).  They are defined as non-native 

species with undesirable effects on the new environments they enter (Palmer et al. 2004). These 

species have high ecological and economic costs including loss of ecosystem services, loss of 

native species (Clavero and García-Berthou 2005), and ecosystem degradation (Palmer et al. 

2004). These high costs have revealed the need for effective management of invasive species. 

Research suggests that the most effective way to manage invasive species is to prevent their 

initial invasion (Mack et al. 2000). However, managers are often reluctant to invest in prevention 

programs, likely because of the high economic costs of investing in a problem that may never 

arise (Mack et al. 2000).  As a consequence, eradication, when possible, and control are the most 

common methods used for management of invasive species (Pyšek and Richardson 2010). 

Eradication is often difficult and involves the complete removal of a species from the target area 

(Pyšek and Richardson 2010). Control measures aim to reduce abundance and restrict movement 

(Pyšek and Richardson 2010). It is widely expected that effective strategies for managing 

invasive species require understanding the biology of the target species.  

 

Trapping is an attractive form of invasive species control for animals. It entails removing 

individuals from a target population. Traps can be less expensive compared to removing 

individuals by actively capturing them or repeated application of chemical controls because traps 

are stationary and can operate unattended. Traps can also be highly selective for the target 

species. Trapping has been used as a successful form of control for some invasive species, such 

as the rusty crayfish (Hein et al. 2007). For other pest species, however, the proportion of 

individuals captured from a population (trapping efficiency) has been low, as in Japanese beetles 
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(Switzer et al. 2009), badgers (Tuyttens et al. 1999), and Sea Lamprey (Bravener and Mclaughlin 

2013). Knowledge about the behaviour of a species may lead to increased trapping efficiency if 

behaviour can be exploited by trapping (Cooke et al. 2007).  

 

My thesis addressed explanations for why the probability of Sea Lamprey entering traps is low. 

The Sea Lamprey is an invasive species in the Upper Great Lakes and the target of an integrative 

control program between the U.S. and Canada (Lawrie 1970). Sea Lamprey invaded the Upper 

Great Lakes through the Welland Canal in the 1920’s (Smith and Tibbles 1980). Their invasion 

was followed by drastic declines in important native fish species such as Lake Trout that act as 

hosts for the parasitic life stage of Sea Lamprey (Smith and Tibbles 1980). The control program 

uses chemical lampricides, low-head (0.4 – 2 m height) barriers and trapping to remove lamprey 

from the population and restrict their movement during spawning (Christie and Goddard 2003). 

Chemical lampricides have been highly effective at reducing Sea Lamprey abundance (Lavis et 

al. 2003). Migration barriers have been effective at preventing movement of lamprey upstream 

(Lavis et al. 2003). Trapping could be an effective method of control for Sea Lamprey 

management if trapping efficiency could be increased (Haeseker et al. 2007). Trapping is 

currently used for population assessment of Sea Lamprey using mark-recapture methods (Lawrie 

1970). However, there is interest in using it for control because traps can be operated in large 

river systems where it is expensive and challenging to use lampricides or barriers (Morman et al. 

1980, Haeseker et al. 2007).  

 

The St. Marys River is strategically important for Sea Lamprey management. The St. Marys 

River is a large river and connects Lakes Huron and Superior. The large size and high discharge 
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of the St. Marys River make chemical lampricides and low-head migration barriers difficult to 

use for long-term Sea Lamprey control. An economic analysis of Sea Lamprey management in 

the St. Marys River suggested that management options including increasing trapping efficiency 

from its current estimate of 40% to 70% were the best options for Sea Lamprey control, in terms 

of net economic benefit (Haeseker et al. 2007). A recent study on Sea Lamprey trapping in the 

St. Marys River indicated that lower than desired trapping success is in part due to a significant 

proportion of Sea Lamprey not entering traps upon encountering them (Bravener and Mclaughlin 

2013).  

 

My thesis determined if adult Sea Lamprey behaviour can be manipulated in ways that increase 

susceptibility to trapping. In Chapter 1, I test if Sea Lamprey behaviour at traps is altered by 

changes in environmental conditions around the trap. I tested four behavioural hypotheses that 

could explain why the probability of Sea Lamprey entering a trap after encounter is low. In 

Chapter 2, I test if Sea Lamprey show consistent individual differences (CIDs) in behaviour in 

the lab and if these differences relate to whether Sea Lamprey were captured by traps or at large 

in the field. This was required for future studies testing whether CIDs in behaviour affect 

susceptibility to trapping and can be manipulated to improve trapping success. Understanding 

how Sea Lamprey behaviour can be manipulated could be used to improve trapping efficiency 

and ultimately make trapping a more effective form of Sea Lamprey management.  
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CHAPTER 1: BEHAVIOURAL EXPLANATIONS FOR LOW TRAPPING SUCCESS OF 

INVASIVE SEA LAMPREY, PETROMYZON MARINUS  

ABSTRACT 

I tested four behavioural hypotheses about the causes of variation in trapping success of Sea 

Lamprey (Petromyzon marinus), an invasive fish species in the Laurentian Great Lakes and the 

target of a binational control program. Trapping could be a cost effective control method 

particularly in large rivers if trapping success could be increased. Trapping success is lower than 

desired because many Sea Lamprey do not enter traps that they encounter. I tested whether 

entrance rates were low because (i) high water velocities near traps make the attractant flow from 

trap openings difficult to detect (Stimulus Detection Hypothesis), (ii) high water velocities near 

traps make it difficult to swim to the opening (Swimming Conditions Hypothesis), (iii) the 

presence of conspecifics impedes trap entry (Conspecific Interference Hypothesis), and (iv) 

lamprey do not spend enough time at traps to find the trap opening and enter either by deliberate 

search or chance (Availability Hypothesis). My study was conducted at the Francis H. Clergue 

Generating Station in the St. Marys River connecting Lakes Huron and Superior, a strategically 

significant trapping site. I manipulated night-to-night discharge from the generating station and 

video recorded the responses of Sea Lamprey at trap openings. Lamprey reached trap openings 

with higher probability on nights of high compared to low discharge, contrary to the Stimulus 

Detection and Swimming Conditions Hypotheses. The probability of trap entry was unrelated to 

the number of conspecifics near the opening, contrary to the Conspecific Interference 

Hypothesis. Lamprey that spent more time at the trap were more likely to reach a trap opening 

and enter a trap, consistent with the Availability Hypothesis. Sea Lamprey are capable of 

reaching and entering traps and are more likely to enter with increasing time spent near and in 

the trap opening. If Sea Lamprey can be manipulated to remain at traps for longer periods of time 

trapping success could be increased. Behavioural studies that identify mechanisms affecting 

trapping success can contribute to the development of more effective trapping strategies.  
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INTRODUCTION 

Invasive species are a global problem created by human actions (Convention on Biological 

Diversity 2008). Invasive species are non-native organisms with the potential to cause harm to 

habitats, native species, and/or ecosystems (Convention on Biological Diversity 2008).  They 

contribute to the extinction of important native species (Clavero and García-Berthou 2005) and 

can cause enormous economic and environmental losses through the destruction or degradation 

of ecosystem services (Palmer et al. 2004). The consequences of invasives can be exacerbated 

when invaded systems lack natural predators, competitors, and parasites to curtail the population 

growth and spread of invading species (Palmer et al. 2004).  

 

The effects of invasive species are pressing scientists and resource managers to develop theory, 

data, and tools to address species invasions. Five general strategies are currently used to manage 

invasive species. The first way is to take no action (Stohlgren and Schnase 2006) and may be 

pursued when the economic cost of any action outweighs the perceived benefits. The second way 

is to prevent the arrival of non-native species with the potential to harm native habitats, species, 

or ecosystems (prevention) (Mack et al. 2000). Prevention is considered the most cost-effective 

strategy, ecologically and economically, but predicting risk of invasion can be difficult and 

inaccurate (Mack et al. 2000), which reduces the incentive to implement prevention practices. 

The third way is to completely remove an invasive species from a management area following its 

arrival (eradication) (Pyšek and Richardson 2010).  A fourth way is to take actions that reduce 

the negative effects of invasive species by augmenting habitat changes and reintroducing 

affected species (mitigation) (Pyšek and Richardson 2010). The fifth way is to reduce the 

abundance and spread of invasive species by removing some individuals from the population and 
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restricting movement (control) (Pyšek and Richardson 2010). This option is usually adopted 

when prevention and eradication have failed or are not viable, but control represents an ongoing 

effort and tends to be costly.  

 

For managing many invasive species, trapping is an attractive method for control or eradication. 

Traps are relatively cheap, being stationary and able to operate unattended, compared to more 

active control methods such as chemicals that require repeated synthesis and application 

(Morman et al. 1980, El-sayed et al. 2006, Haeseker et al. 2007). Trapping can also be attractive 

when the public views chemical applications negatively (Arbogast et al. 2000). In addition, traps 

can be selective for target species (El-sayed et al. 2006). They have been used to successfully 

eradicate and control insects (e.g., Burrack et al. 2008), mammals (e.g., Davis et al. 2012), 

crustaceans (e.g., Hein et al. 2007), and fishes (e.g., Stuart et al. 2006) across a wide 

geographical extent. However, trapping may be more effective when used to control isolated 

populations with low density compared to widespread high-density populations (El-sayed et al. 

2006). Low trapping success has been reported for certain pest species, such as badgers 

(Tuyttens et al. 1999), Japanese beetles (Switzer et al. 2009), and Sea Lamprey (Bravener and 

Mclaughlin 2013). Low success of capture can result from low probabilities of contact with the 

trap (encounter), entering the trap upon encounter (entrance), and remaining in the trap after 

entering (retention) (Miller 1990).  

 

I tested why the probability of Sea Lamprey entering a trap upon encounter is low as part of an 

ongoing effort to improve Sea Lamprey trapping success. The Sea Lamprey is an invasive 

species in the Upper Great Lakes and the target of a binational control program involving the 
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U.S. and Canada. Many important Great Lakes fisheries collapsed following the invasion of Sea 

Lamprey in the 1920s, leading to implementation of a control program primarily involving 

lampricide treatment to larvae and barriers to adult migration to spawning habitats (Smith and 

Tibbles 1980). The abundance of Sea Lamprey in the Great Lakes, however, is generally higher 

than management targets, driving interest in alternate methods of reducing Sea Lamprey 

numbers (Haeseker et al. 2007).  

 

Trapping has the potential to be an important control method of Sea Lamprey in large river 

systems. Sea Lamprey traps are used to capture adult lamprey when they migrate upstream to 

spawn (Lawrie 1970). These traps can be portable or built into barriers and are placed in 

locations that make use of the lamprey’s attraction to flow, such as dams, barriers, or rapids 

(Smith and Tibbles 1980). Traps usually have a funnel that directs lamprey into the trap entrance 

and eventually into a holding area where they remain until removed (Fig. 1.1). Some lamprey 

traps include water being pushed out of their openings (attractant water traps; Fig. 1.1) to take 

advantage of their attraction to flow and encourage lamprey to swim to the trap opening (Vrieze 

et al. 2010).  

 

The St. Marys River is of strategic importance for lamprey trapping because its large size and 

high discharge (average annual discharge of 2100 m
3
/s; Schleen et al. 2003) make control with 

chemical lampricides and low-head migration barriers expensive and challenging (Haeseker et al. 

2007). This river is believed to be the major source of lamprey in Lake Huron (Schleen et al. 

2003, Haeseker et al. 2007). An economic analysis by Haeseker et al. (2007) indicated that the 

most beneficial management strategies for Sea Lamprey in the St. Marys River included 
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increasing the proportion of the population captured in traps (trapping success) from its current 

40% to 70% or greater. Poor trapping success in the St. Marys River is in part due to few 

lamprey entering traps after encounter (Bravener and Mclaughlin 2013).  

 

I tested four hypotheses of why fewer Sea Lamprey than desired enter traps upon encounter in 

the St. Marys River. First, attractant flow from a trap may be too low for lamprey to detect 

relative to the background discharge from the dam when discharge from the dam is high 

(Stimulus Detection Hypothesis). This is consistent with Weber’s Law, where the just noticeable 

change in stimulus is proportional to the background stimulus already present (Mesibov et al. 

1973). Second, flow complexity at the dam face could deter entrance when discharge from the 

dam is high (Swimming Conditions Hypothesis). When discharge from the dam is high, water at 

the face of the dam is visibly more complex and turbulent compared to when discharge from the 

dam is low, potentially creating unattractive hydrodynamic conditions. Fishes are attracted to 

predictable heterogeneity in flow and tend to avoid complex or unpredictable heterogeneity 

(Lacey et al. 2012). The Stimulus Detection and Swimming Conditions Hypotheses both predict 

that the probability that Sea Lamprey will reach trap openings will be low and will be lower 

when discharge is high than when discharge is low. Third, if there are several lamprey at trap 

entrances, individuals may interfere with or impede entrance of others (Conspecific Interference 

Hypothesis). This hypothesis predicts that Sea Lamprey will reach trap openings and the 

probability of entering a trap will be higher when the number of conspecifics at the trap entrance 

is small than when the number of conspecifics at the entrance is high. Finally, lamprey may not 

spend adequate time at the trap to reach and enter the trap opening either through deliberate 

search or incidental movement (Availability Hypothesis). This hypothesis predicts that the 
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probability of reaching a trap opening will increase with time spent at a trap and that the 

probability of entering a trap will increase with time spent in a trap opening. These hypotheses 

were tested using traps near a hydroelectric dam, where nightly discharge at the dam was 

manipulated to include nights of high and low discharge and behavioural responses of lamprey 

were measured using underwater video.  

 

METHODS 

DESCRIPTION OF STUDY SYSTEM 

This study was conducted at two traps operated at the Francis H. Clergue Generating Station, a 

hydroelectric dam located in the St. Marys River connecting Lakes Superior and Huron near 

Sault Ste Marie, Ontario.  The St. Marys River is 112 km long and 100 - 3000 m wide (Fig. 2; 

Schleen et al. 2003). There are four hydroelectric dams at the entrance of the river from Lake 

Superior: the Clergue Generating Station on the Canadian side of the river and three generating 

stations on the United States side. The river is the major shipping channel between Lake Superior 

and Lake Huron. Sea Lamprey traps are operated at these dams; the dams are impassable and 

adult Sea Lamprey migrating up the river to spawn aggregate near the faces of these dams. Five 

traps are operated at the Clergue Generating Station. They are located and operated to exploit the 

potential for Sea Lamprey to aggregate near the dam face and are thought to exploit the potential 

for Sea Lamprey to seek out areas of high (attraction) flow. Two traps are permanently attached 

to the generating station wall: the north attractant water trap (NAWT) at the north downstream 

end of the wall and the south attractant water trap (SAWT) at the south downstream end of the 

wall. Water pumped through openings of these two traps creates flow hypothesized to be 

attractive to Sea Lamprey (Vrieze et al. 2010). The other three traps are portable and are 
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suspended from the wall of the generating station between the two attractant water traps. These 

traps are placed along the wall for the duration of the Sea Lamprey spawning migration and 

removed outside of that period. Portable traps do not have attractant water flow but are located in 

areas of high discharge hypothesized to be attractive to Sea Lamprey. The NAWT and portable 

traps each have two openings. The SAWT has four openings (Fig. 1.1). Water depth at the wall 

of generating station is approximately 15 m and the traps are suspended 1-3 m below the water 

surface. During this study, discharge at the Clergue Station was manipulated approximately night 

to night by the dam operators from the Brookfield Renewable Energy Group to evaluate if higher 

discharge could improve trap encounter and entry. On nights of normal (low) discharge (n = 9 

nights), average discharge from the Clergue Station was reduced from approximately 900 m
3
/s 

during the day to approximately 600 m
3
/s overnight. Discharge is normally regulated this way 

because electricity demand is lower at night than during the day. On nights of high discharge (n 

= 11 nights), average discharge from the Clergue Station was maintained at approximately 900 

m
3
/s.  

 

QUANTIFYING BEHAVIOUR AT TRAPS 

The behaviour of Sea Lamprey was video recorded nightly (2100 – 0300 h) from 10 June to 5 

July 2012 at 2 trap openings at the NAWT and at 4 trap openings at the SAWT. Observations 

were not possible for video from June 13 – June 17 and June 19 because water level in the 

tailrace dropped below the opening of the traps during the night. The period from 2100 – 0300 h 

was selected because Sea Lamprey are most active at this time (Binder and McDonald 2007).  I 

focused on the NAWT and SAWT because earlier estimations of Sea Lamprey not entering traps 

upon encounter were made at these traps (Bravener and Mclaughlin 2013) and because video 
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operation at the portable traps was not feasible. Portable traps are lifted by crane and emptied 

daily during which the video cables would create a safety risk for the trap operators and risk 

damage to the video equipment.  

 

At each trap opening, a closed-circuit television (CCTV) black and white, waterproof camera 

(Speco Technologies, Amityville, NY) was placed in a metal frame, positioned 2 m outside the 

trap, and oriented to face the entrance. Each camera provided a view of the trap opening and 

funnel, as well as (approximately) a 2x2x2 m field of view around the entrance. One red 

floodlight was placed over each trap entrance to illuminate the area for observation. Red light 

does not appear to affect lamprey behaviour (Vrieze and Sorensen 2001). Camera feeds from 

each trap were recorded using a 4-channel quad processor and a videocassette recorder (VCR: 

Panasonic model PV-4624S-K).  

 

Behavioural observations of Sea Lamprey were sampled from ~120 h of video recorded over 20 

days. Reliable observations were only possible from video at two trap openings, one at the 

NAWT and one at the SAWT. Observations from other trap openings were unreliable either 

because of inadequate lighting (NAWT) or because entrained air obscured the field of view 

(SAWT). Analyses of PIT tag detections from a companion study indicated that arrival rates of 

Sea Lamprey at these two trap openings were representative of arrival rates at other trap 

openings.  

 

Focal observations of Sea Lamprey at the traps were extracted from the video in four steps. First, 

a protocol for selecting individuals randomly by using detections of PIT tagged Sea Lamprey at 
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the traps (Rous 2014) was used to construct a bivariate probability distribution of arrival times 

based on time-of-day and time-of-season. This distribution was sampled randomly to select 

hours for behavioural observation. Second, the beginning of the selected hour was located on the 

video using the timestamp. Third, for the first time an hour was sampled, the first Sea Lamprey 

to enter the field of view during that hour was selected for observation and the time over which 

the lamprey was in the field of view was recorded using the timestamp. If the same hour was 

later selected again for sampling, because distribution of PIT tag records indicated it was a time 

when Sea Lamprey arrivals were high, then the Sea Lamprey following the first focal individual 

was observed. Thus, arrival observations were not observed twice. We could not ensure that the 

same individual was not observed twice because lamprey were not marked; however, an earlier 

study indicated that Sea Lamprey visit traps for a short period of time and are unlikely to return 

after leaving (Bravener and Mclaughlin 2013).  

 

During a focal observation, the observer recorded the times at which the focal lamprey (i) 

entered the field of view (arrived), (ii) moved to the trap opening or departed, and, (iii) when the 

focal individual reached the trap opening, the time at which it entered the trap or departed. A 

focal individual was considered to have reached the trap opening if it swam to within a head-

width of the rectangular opening of the funnel. It was considered to have entered the trap if it 

swam completely into the dark opening of the trap and did not swim back out after an additional 

5 minutes of observation. It was considered to have departed from the trap if it left the camera 

field of view. A duration of 5 minutes was selected as a cut-off for entrance because earlier video 

observations of externally tagged individuals demonstrated that Sea Lamprey depart or enter 

traps within this duration (Bravener and McLaughlin 2013). The time the focal individual spent 
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attached to structures away from the trap opening and the maximum number of conspecifics at 

the trap were also measured during a focal observation. Measurements of nightly discharge 

through the generating station (high or low) and water temperature were obtained from the trap 

operators. 

 

STATISTICAL METHODS 

The predictions that the probability that Sea Lamprey will reach trap openings is low and that 

probability will be lower on nights of high flow than low flow were tested using logistic 

regression (logit link) relating whether a lamprey reached a trap opening (yes or no) with nightly 

discharge (low or high). Water temperature, trap identification (NAWT or SAWT), and time 

spent in the camera view (log10 transformed) were included in the model as covariates because 

these variables have been previously related to trap catch or implicated in trap entry (Bravener 

and Mclaughlin 2013). Water temperature was modeled using linear and quadratic terms, plus 

the two-day change in water temperature, following the predictive model for trap catch by 

Adams and Bravener (2012, unpublished). Time-of-season (Julian day) was not included in the 

model because it was highly correlated with water temperature. To test if high nightly discharge 

decreased the probability of lamprey reaching a trap opening, I used a likelihood ratio test 

comparing the regression model including discharge with the reduced model with discharge 

removed. From the model including discharge, I then assessed if the regression coefficient for 

nightly discharge was negative, as I predicted.   

 

The predictions that few lamprey would enter the trap and that the probability of doing so would 

be lower when more lamprey were present than when fewer lamprey were present were tested 
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using logistic regression (logit) relating whether a lamprey entered a trap (yes or no) with the 

maximum number of conspecifics (0, 1 or 2 or more ) observed at the trap with the focal 

individual. Observations of 2 or more lamprey at trap openings with focal individuals were 

grouped together because instances of more than 2 Sea Lamprey did not occur often (13 of 242 

observations).  Water temperature, trap identification, nightly discharge, and time spent in the 

opening of the trap were included in the model as above. Time spent in the trap opening was 

transformed (log10 [x+1]) to meet assumptions of normality. The constant 1 was added to account 

for zeros representing lamprey that did not spend time in the trap opening. Water temperature 

was modeled as above. To test if a higher number of conspecifics at the trap with the focal 

individual decreased the probability of lamprey entering traps, I used a likelihood ratio test and 

regression coefficient as above.  

 

The predictions that lamprey that spent more time in front of a trap were more likely to reach the 

trap opening and lamprey that spent more time in the opening of the trap were more likely to 

enter were tested using the logistic regressions outlined above where total time spent in the 

camera view (log10 transformed) and time spent in the opening of a trap (log10[x+1] transformed) 

were related to whether a lamprey reached a trap opening (yes or no) or entered a trap (yes or 

no), respectively. Total time spent at a trap (log10 transformed) and time spent in the opening of a 

trap (log10[x+1] transformed) were compared between nights of high and low discharge using 

Welch two sample t-tests to determine if discharge affected either time measurement. Discharge 

is believed to be attractive for lamprey. Total time spent at a trap and time spent in the opening 

of a trap were related to water temperature using simple linear regressions to test whether time 

varied with temperature.  
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For all analyses, independent observations were individual Sea Lamprey (n = 242) observed over 

20 nights (range from 1 to 42 lamprey observed in a night). Significance was tested using an 

alpha value of 0.05. All statistical analyses were conducted using R version 3.1.0 statistical 

programming language (R Core Team 2014). 

 

RESULTS 

Observations were made for 242 lamprey, 131 at the NAWT and 111 at the SAWT. One hundred 

and thirty seven of 242 focal lamprey (57%) reached a trap opening and 46 of 137 (34%) entered 

the trap after reaching the opening. Lamprey that reached the trap opening spent 1 to 672 s in the 

opening (geometric mean: 4.05 s; 95% CL’s: 3.79 to 4.32 s). Lamprey that spent more than 60 

seconds in the trap opening after reaching it (38/137) appeared to attach to the inner wall with 

their posterior end remaining in view (Fig. 1.3). From there, 15 of 38 entered the trap and 23 

departed. Sixty-eight of 242 lamprey swam into the camera view, attached to the outside of the 

trap, and rested there before either swimming to the opening or departing.  

 

The prediction that the probability of reaching a trap opening would be lower when nightly 

discharge was high was not supported. Flow was a significant predictor of reaching the trap 

opening given entry into the camera’s field of view (χ
2
 = 6.08, df = 1, p = 0.014), but the 

probability of reaching the opening was actually higher on nights when discharge was high than 

nights when discharge was low (slope = 1.43, SE = 0.60, z = 2.40, p = 0.017; Fig. 1.4, Table 

1.1). Furthermore, Sea Lamprey did not appear to have any difficulty swimming to the trap 

opening, as expected for the Stimulus Detection and Swimming Conditions Hypotheses. Thirty-

four percent of lamprey spent more than a minute swimming around the opening. Whether they 



16 
 

had difficulty detecting the opening, as expected for the Stimulus Detection Hypothesis, could 

not be assessed from the video observations.  

 

The prediction that Sea Lamprey would be less likely to enter a trap when more versus less 

conspecifics were present was also not supported. One hundred and sixty five of 242 lamprey 

(68%) arrived at the trap opening when no conspecific was present, 38 of 242 (16%) when one 

conspecific was present, and 39 of 242 (16%) when 2 or more conspecifics were present. The 

probability of a lamprey entering did not vary significantly with the number of conspecifics 

present (χ
2
 = 2.35, df = 2, p = 0.31; Fig. 1.5), nor did it vary with nightly discharge 

manipulations (slope = 0.16, SE = 0.72, z = 0.23, p = 0.82; Table 1.2).  

 

The predictions that the probabilities of Sea Lamprey reaching a trap opening and entering a trap 

upon reaching would increase with total time spent at the trap and time spent in the opening of 

the trap, respectively, were supported, consistent with the Availability Hypothesis. Sea Lamprey 

that spent more time in the field of view in front of the trap were more likely to reach the trap 

opening than those that spent less time in front of the trap (z = 3.23, p = 0.001). The predicted 

probability of reaching the opening of the SAWT for Sea Lamprey that spent 5 seconds in the 

field of view in front of the trap was 0.62 (CI0.95 = 0.31 to 0.86), and the predicted probability of 

reaching the opening of the SAWT for Sea Lamprey that spent 500 seconds in the field of view 

in front of the trap was 0.95 (CI0.95 = 0.82 to 0.99). Sea Lamprey that spent more time in a trap 

opening were more likely to enter the trap than Sea Lamprey that spent less time in an opening (z 

= 3.45, p = 0.0006). The predicted probability of entering the SAWT for Sea Lamprey that spent 

5 seconds in the opening of the trap was 0.10 (CI0.95 = 0.02 to 0.37), and the predicted 
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probability of entering the SAWT for Sea Lamprey that spent 500 seconds in the opening of the 

trap was 0.58 (CI0.95 = 0.20 to 0.89). Mean times that Sea Lamprey spent in front of the trap, and 

in the trap opening, did not differ between nights of low and high discharge. Mean times spent in 

front of the trap were 23.7s (geometric mean; CI0.95 = 22.5 to 24.8 s) and 23.9 s (geometric mean; 

CI0.95 = 22.4 to 25.4 s) on nights of low and high discharge, respectively (t = -0.04, df = 240, p = 

0.96). Mean times spent in a trap opening were 3.7 s (geometric mean; CI0.95 = 2.6 to 3.9 s) and 

5.0 s (geometric mean; CI0.95 = 4.4 to 5.6s) on nights of low and high discharge, respectively (t = 

-0.91, df = 240, p = 0.37).  

 

DISCUSSION 

My results lead to the rejection of three hypotheses explaining why few Sea Lamprey enter traps 

upon encounter at the Francis H. Clergue generating station in the St. Marys River. My results 

are not consistent with the Stimulus Detection and Swimming Conditions Hypotheses that 

predict few lamprey would reach trap openings and the success of doing so would be higher 

when nightly discharge was low. While discharge predicted whether lamprey would reach the 

trap opening, the observed relationship was not in the direction predicted. My results are also 

inconsistent with the Conspecific Interference Hypothesis that predicts few lamprey would enter 

traps and that the success of entering traps would be higher when there were fewer conspecifics 

at the trap with focal individuals. Few lamprey entered traps and the probability of entrance was 

no higher when there were fewer conspecifics at the trap with the focal individual compared to 

when there were more conspecifics. Conversely, my results support the Availability Hypothesis 

that few lamprey enter traps upon encounter because they do not spend enough time at traps to 

find the trap opening and become available to be trapped. Lamprey that spent more time in the 
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volume in front of the trap were more likely to reach the trap opening and lamprey that spent 

more time in the trap opening were more likely to enter. Testing this hypothesis was important 

because animals can be attracted to traps, yet not enter (Foster and Harris 1997, Jury et al. 2001, 

Switzer et al. 2009). The better understanding afforded by these behavioural observations of Sea 

Lamprey interacting with traps in real field situations can potentially be used to increase trapping 

efficiencies. 

 

The processes of Sea Lamprey reaching a trap opening and entering a trap afterwards do not 

appear to reflect entry following a random, fixed probability. These behaviours varied 

predictably, indicating that they can be manipulated to improve trapping efficiency. The 

probability of reaching a trap opening varied with temperature; however, this variable is not 

practical to manipulate for Sea Lamprey control. Despite this, managers may be able to increase 

trapping effort when temperatures increase compared to when temperatures are low or not 

changing. Additionally, Sea Lamprey’s response to flow did not appear to be simply rheotactic, 

because changes in magnitude of the discharge altered their behaviour, increasing the probability 

that they would reach a trap opening. This suggests that discharge could be used to manipulate 

Sea Lamprey behaviour in an attempt to increase trapping efficiency. Consistent with other 

studies, however, I found that nightly discharge had little effect on the probability that lamprey 

would enter a trap. Time spent at the trap or in the trap opening did not vary with nightly 

discharge, indicating changes in discharge do not change a Sea Lamprey’s availability. The 

probabilities of lamprey reaching a trap opening and entering the trap afterwards varied with 

time available at the trap and in the opening of the trap, respectively. If features of Sea Lamprey 
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traps and environmental factors affecting a lamprey’s time spent near a trap could be identified, 

these could be manipulated to improve trapping efficiency. 

 

Factors that could affect the amount of time Sea Lamprey spend near a trap include local features 

of the trap and trap environment, differences in behaviour between individual lamprey, and 

pheromones. While high discharge from the dam appears attractive at long-distance scales, 

indicated by increased probability that lamprey would reach the trap opening, local discharge 

conditions at the opening of the trap were more complex and potentially less attractive to Sea 

Lamprey (Lacey et al. 2012). The scale at which different attractants operate may vary. For 

example, some stimuli used for control of pest insects work to positively attract insects over long 

distances, but can repel them at short distances (Foster and Harris 1997). In my study, I did not 

quantify discharge at the trap and the trap opening because of the significant modeling effort 

required for a 3-D flow environment, but I observed visible differences in entrained air present in 

video of high and low discharge nights. A hydrodynamic “sweet spot” may exist, where lamprey 

are more likely to enter due to favourable hydrodynamic conditions. Second, individual lamprey 

may be consistently different in their behaviour, where some lamprey express behaviours that 

make them more susceptible to trapping. My data suggest that lamprey differed in their time 

spent available to be trapped, however I could not measure if these differences were consistent 

within individuals because I could not identify individual lamprey. Previous research has 

indicated that consistent individual variation in behaviour can affect trappability of individuals. 

For example, Wilson et al. (1993) found that pumpkinseed sunfish that were more willing to take 

risks were more likely to be captured in traps than those that were less willing take risks. 

Pheromones have been used previously with some success for pest management, luring target 
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species to specific locations before exterminating them (Foster and Harris 1997). A recent study 

indicated that in years where traps were baited with Sea Lamprey mating pheromone, a 10% 

increase in trapping efficiency was reported (Johnson et al. 2013). However, this relationship 

between traps baited with pheromone and increased trapping efficiency varied strongly with 

environmental conditions and among streams (Johnson et al. 2013), and it remains unclear how 

this pheromone affects Sea Lamprey behaviour.  

 

For manipulations intended to attract animals, the operating scale of the attractant can be 

important for understanding how effective the attractants may be at increasing overall capture 

success. In my study, high discharge resulted in more lamprey reaching trap openings but it did 

not result in more lamprey entering traps. Attracting animals to traps but not increasing capture 

success has been reported for other species. In a lobster fishery, lobsters (Homarus americanus) 

approached baited traps several times but few entered traps upon approach (Jury et al. 2001). 

Switzer et al. (2009) found that traps were good at attracting pest Japanese beetles (Popilla 

japonica), but were poor at capturing them. Their research indicated that this led to increased 

damage to crop sites at locations where there were traps as the beetles would come to the trap 

site and then destroy the surrounding vegetation without being captured by the trap. For Sea 

Lamprey, the large scale discharge manipulation may result in large scale movement of lamprey 

leading them to the trap opening, but may not affect their fine scale movement near the trap to 

get them to enter. In this scenario, increased dam discharge might be required for lamprey to 

encounter a trap, but other factors effect whether or not individuals “decide” to enter a trap 

afterwards. Using PIT tagged lamprey, Rous (2014) found that increasing nightly discharge 

resulted in an increase in the probability that lamprey would encounter a trap, but also increased 
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the probability that lamprey would depart from the trap. However, I found no difference in 

departure for Sea Lamprey at the trap between nights of high compared to low discharge. The 

scale that the attractant is working at can be important for understanding how effective the 

attractants may be at increasing overall capture success.  

 

My study also identifies some new areas of uncertainty that may be profitable areas for future 

research. I could not individually identify lamprey that appeared at trap entrances in the video 

and therefore the same lamprey may have been seen several times when I assumed observations 

were independent of one another. This may have implications for my statistical analyses; 

however, Bravener and McLaughlin (2013) found that after a lamprey departs from a trap it is 

not likely to return over the night or season. Additionally, this study was conducted at one site, 

with only two entrances, each from different traps, and this could limit the generality of my 

findings. Discharge at the trap openings was not quantified because this requires a significant 

effort in modeling 3-D flow; however, casual observations show cavitation in front of the traps 

comes in pulses that may have varied among nights. Quantifying discharge at the trap opening is 

an important next step in testing the effects of local discharge on Sea Lamprey trapping success.   

 

This study is a unique instance where large scale manipulations at a hydroelectric dam were used 

to test hypotheses about fine scale movements of fish in order to evaluate predictors of fish 

trapping success. In principle, successful predictors of trapping success could be used to exploit 

animal behaviour for capture in a management framework. Similar to PIT and acoustic tag data 

of Sea Lamprey movement near traps (Rous 2014), I found that increasing nightly discharge 

does not increase trapping success. Video of behaviour of lamprey at traps gave me the 
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opportunity to separate reaching the area in front of the trap from reaching the opening of the 

trap and allowed me to observe what lamprey were doing  in the volume in front of the trap.  

 

Eradication, mitigation and control attempts could be improved by exploiting behaviours of 

invasive species, because specialized methods are more likely to be successful than methods 

generalized for a variety of taxa or situations. Studying feeding habits and territory use of 

invasive Norway rats (Rattus norvegicus) led to successful bait station (poisoning) 

implementation and eventual eradication of these rats from several islands in NZ (Taylor and 

Thomas 1993). In CA, USA, enhanced understanding of attractants and space use led to strategic 

trap placements and successful lures for greater control of the invasive olive fruit fly (Bactrocera 

oleae) by increasing trapping success (Burrack et al. 2008). These examples illustrate how 

understanding behaviour was used for effective management of invasive species. Behavioural 

ecologists have developed tools for predicting how animals respond to changes in their 

environment and these tools could be used for control of invasive species (Sih 2013). Control 

rooted in behavioural evidence may be most effective for management strategies because 

predictable responses can be manipulated and exploited (Roitberg 2007).   
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FIGURES 

 

Figure 1.1 – Schematics of the top view of Sea Lamprey attractant water traps with two 

entrances (similar to north attractant water trap; A) and with four entrances (similar to the south 

attractant water trap; N), and a schematic of the side view of an attractant water trap showing the 

funnel entrance (C). Trap openings are outlined in dark rectangles and the direction that lamprey 

enter is indicated by black arrows. Adapted from Bravener 2011. 
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Figure 1.2 – A map of the St. Marys River connecting Lake Huron and Lake Superior. From 

Rous 2014.  
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Figure 1.3 – A 26 June 2012 image from a video camera facing one of the entrances of the north 

attractant water trap (NAWT) at the Francis H. Clergue Generating Station on the St. Marys 

River, Sault Ste Marie, ON. The image shows the posterior end of a lamprey that is in the 

opening of the trap with its head not visible. The trap opening is rectangular and sits in the center 

of the funnel of the trap. The water surface is the light area shown at the top of the image. The 

rectangular wire-like object shown around the funnel of the trap is a passive integrated 

transponder (PIT) tag antennae for a companion study. During this observation, the lamprey 

departed without entering the trap.  
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Figure 1.4 – The partial residual plot depicting the probability that a lamprey reached a trap 

entrance (yes or no) in relation to nightly discharge (high or low) after statistically adjusting for 

water temperature (linear and quadratic), two day change in water temperature, the trap that 

lamprey were observed at (trap ID), and the total time a lamprey spent at the trap (log10 

transformed). The central bar depicts the predicted median. The smaller horizontal bars depict ± 

SE. The points depict the residuals.   
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Figure 1.5 – The partial residual plot depicting the probability that a lamprey entered a trap (yes 

or no) in relation to the number of conspecifics that were present (either none, 1, or 2 or more), 

after statistically adjusting for temperature (linear and quadratic), two day change in temperature, 

the trap lamprey were observed at, and the total time a lamprey spent at the funnel of the trap. 

Bars and points are defined in Figure 1.4.    
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TABLES 

 

Table 1.1 – Regression estimates (log-odds scale), standard errors, z scores, degrees of freedom 

(df) and p-values for variables from the logistic regression model predicting the probability of 

lamprey reaching trap openings.  

 

Variable Estimate SE Z df p-value  

intercept -119.23 38.20 -3.12 1 0.002  

nightly discharge (high) 1.43 0.60 2.40 1 0.02  

trap (SAWT) -1.35 0.32 -4.24 1 < 0.0001  

temperature 14.06 4.56 3.08 1 0.002  

temperature
2
 -0.41 0.13 -3.04 1 0.002  

two day change in temperature -1.75 0.62 -2.83 1 0.005  

total time (log10 transformed) 1.22 0.23 5.32 1 <0.0001  
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Table 1.2 – Regression estimates, standard errors, z scores, degrees of freedom and p-values for 

variables from the logistic regression model that best predicted the probability of lamprey 

entering traps.  

 

Variable Estimate SE Z df p-value 

intercept -54.91 50.22 -1.09 1 0.27 

nightly discharge (high) 0.16 0.72 0.23 1 0.82 

trap (SAWT) -1.51 0.45 -3.35 1 0.0008 

temperature 6.49 6.02 1.08 1 0.28 

temperature
2 

-0.20 0.18 -1.13 1 0.26 

two day change in temperature 0.92 0.83 1.11 1 0.27 

time spent in opening (log10[x+1] transformed) 1.34 0.24 5.55 1 <0.0001 
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CHAPTER 2: CONSISTENT INDIVIDUAL DIFFERENCES IN BEHAVIOUR 

OF SEA LAMPREY: IMPLICATIONS FOR CONTROL VIA TRAPPING 

I tested if adult Sea Lamprey (Petromyzon marinus) exhibit consistent individual differences 

(CIDs) in behaviour and whether these were related to vulnerability to trapping. The Sea 

Lamprey is an invasive species in the Upper Great Lakes and the target of a binational control 

program. Trapping is valuable to the control program both for estimating spawning population 

size and for removal of adult Sea Lamprey. However, trapping success is lower than desired by 

management objectives. This could be because some individuals are more susceptible to trapping 

than others due to CIDs in their behaviour. My test of CIDs in behaviour compared Sea Lamprey 

collected in the field from passive traps with those collected at large in the stream by 

electrofishing. Behaviours quantified in the lab included individual latency to exit a refuge, 

general activity, and response to a predator cue. Individual lamprey differed consistently in all 

three behaviours measured, with repeatabilities ranging from 0.3 to 0.53. Trapped lamprey did 

not differ from electrofished lamprey in their latency to exit a refuge and their general activity. 

However, trapped lamprey decreased their activity in response to a predator cue compared to 

lamprey captured by electrofishing, suggesting that they may be less willing to take risks. Thus, 

Sea Lamprey exhibit CIDs in behaviour that are potentially related to vulnerability to trapping. If 

a subset of the population exhibits behaviours that make them less likely to be trapped, this could 

explain low trapping success. Increasing trap efficiency as a method of control may require 

accommodating CIDs in behaviour in novel trap designs that do not resemble refuges, or trap 

efficiency may not be able to be improved if some individuals cannot be trapped.  
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INTRODUCTION 

Individuals from populations of wild animals can differ markedly in behaviour beyond that 

expected due to differences in age, sex, or body size (Réale et al. 2007). These differences have 

been termed consistent individual differences (CIDs) in behaviour when they are repeatable 

across time (Conrad et al. 2011).  CIDs in behaviour are often measured in standardized tests of 

five personality domains, each representing a continuum: boldness-shyness, exploration-

avoidance, active-inactive, aggressive-submissive and social-unsocial (Réale et al. 2007). 

Boldness-shyness is functionally defined by how willing an individual is to take risks in familiar 

situations, while exploration-avoidance is defined by how willing an individual is to take risks in 

unfamiliar situations. Active-inactive is defined by how active an individual is under baseline 

conditions. Aggressive-submissive is defined by how an individual behaves antagonistically 

towards conspecifics and social-unsocial is defined by how an individual behaves amicably 

towards conspecifics (Réale et al. 2007). The extent that CIDs in behaviour measured for these 

domains can be correlated across situations or with one another may reflect important 

behavioural syndromes (Sih et al. 2004). CIDs in behaviour, personality, and behavioural 

syndromes are often equated with one another, along with temperament and coping strategies 

(Conrad et al. 2011), but regardless of their relationships are all predicated on a fundamental 

understanding of variation in behavioural phenotype within a population.  

  

There is interest in assessing the ecological and evolutionary consequences of CIDs in behaviour 

in wild animals (Sih et al. 2004). This assessment requires three key steps (Réale et al. 2007). 

First, standardized tests are developed that measure repeatable variation in behavioural traits. 

Second, the behaviour measured by standardized tests is related to meaningful field behaviours. 
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For example, willingness to take risks has been shown to predict dispersal and migration (Cote et 

al. 2010, Chapman et al. 2011). Third, the consequences of CIDs in behaviour on ecological 

activities that influence survival, reproduction and growth rate (relative fitness) are evaluated. 

 

I tested for CIDs in the behaviour of Sea Lamprey (Petromyzon marinus) from the Laurentian 

Great Lakes and whether the CIDs were linked to susceptibility to trapping. Sea Lamprey 

provide a particularly relevant opportunity to examine CIDs in behaviour in a context of broad 

ecological and economic significance. The Sea Lamprey is a parasitic fish that feeds on blood 

and tissue from large host fishes. They are invasive in the Upper Great Lakes and invaded 

following construction on the Welland Canal in the 1920s (Smith and Tibbles 1980). Once 

resident in the Upper Great Lakes, population increases of Sea Lamprey were followed by 

collapses of large host fish populations, such as Lake Trout (Salvelinus namaycush), Walleye 

(Stizostedion vitreum), and Lake Whitefish (Coregonus clupeaformis), and changes in lake 

community food webs. These cascading ecological changes led to the creation of the binational 

Great Lakes Fishery Commission which was charged with coordinating a program for 

eradicating, or at least controlling, Sea Lamprey in the Great Lakes ecosystem (Smith and 

Tibbles 1980).  

 

Trapping adult Sea Lamprey could be a valuable form of control if trapping efficiency could be 

improved. It represents a form of control that could help reduce population growth by removing 

adults from the population before they spawn, affecting reproduction. Trapping efficiency is the 

percentage of the spawning population removed by trapping (Haeseker et al. 2007). The two 

other methods of control for Sea Lamprey are periodic applications of chemical lampricides to 



33 
 

streams with larval lamprey and low-head migration barriers blocking migration of adult lamprey 

to suitable spawning habitats. These two control methods have larger effects on non-target 

species relative to trapping and raise social concerns of chemicals in the environment (Arbogast 

et al. 2000, El-sayed et al. 2006). While trapping is primarily used for assessment, there is 

interest in using it for control, particularly in large river systems where it is expensive and 

challenging to use lampricides and barriers. For example, the St. Marys River connecting Lakes 

Huron and Superior is a large river producing large abundances of Sea Lamprey to Lakes Huron 

and Michigan. Due to the large size and high discharge, it is difficult practically and 

economically to periodically use lampricides on larval rearing habitat for long-term control 

(Haeseker et al. 2007). It is also difficult to deny access to spawning habitat using in-stream 

barriers as done on smaller tributaries because of the scale of the river which is also the main 

shipping channel between Lakes Superior and Huron (Haeseker et al. 2007). Sea Lamprey traps 

are used to capture adult lamprey as they migrate upstream to spawn (Lawrie 1970) and take 

advantage of Sea Lamprey’s attraction to flow (Vrieze et al. 2010).  

 

Achieving a trapping efficiency high enough to make trapping a successful form of control 

remains a key challenge. An economic analysis of ten control options for the St. Marys River 

suggested that the best choices all included increasing trapping efficiency from current levels of 

40% to 70% (Haeseker et al. 2007). Studies with acoustically tagged individuals indicate that 

trapping efficiency is limited because many Sea Lamprey do not encounter traps or enter traps 

after they encounter them, whereas escape from traps is low (Bravener and Mclaughlin 2013, 

Rous 2014).   
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CIDs in behaviour could provide an explanation for lower than desired trapping success. Trap 

susceptibility has been linked to CIDs in behaviour in a variety of taxa (Biro and Dingemanse 

2009). One of the earliest studies of CIDs in behaviour compared individual pumpkinseed 

sunfish caught in traps with those captured by seining and found that trapped individuals differed 

consistently in their willingness to take risks compared to those captured by more active methods 

(Wilson et al. 1993). CIDs in exploration, risk-taking, activity, aggression and sociability have 

been linked to propensity to disperse, migrate and invade new habitats, which could affect 

encounter with traps (Duckworth and Badyaev 2007, Chapman et al. 2011, Chapple et al. 2012, 

Carere and Gherardi 2013). In fishes, one common method of quantifying CIDs has been placing 

individuals in a dark container and measuring their willingness to leave the container and enter 

an open space (for examples see Brown and Braithwaite 2004, Yoshida et al. 2005, Wilson and 

Godin 2009, Kobler et al. 2009). By analogy, trapping entails an individual leaving a familiar 

open space to enter a dark container.  

 

I tested for CIDs in behaviour of adult, migrating Sea Lamprey and whether these differences 

related to how lamprey were captured. I first tested whether Sea Lamprey exhibit CIDs in three 

behaviours and whether these behaviours were correlated with one another. These behaviours 

were (i) willingness to exit a confined space into a novel environment (a measure of exploration-

avoidance), (ii) willingness to move about in an environment largely free of physical, social and 

predator cues (a measure of baseline activity), and (iii) change in activity in response to 

phenylethylamine hydrochloride (PEA HCl), a chemical cue found in the urine of mammalian 

carnivores (Ferrero et al. 2011) that elicits a predator avoidance response (boldness-shyness) 

(Imre et al. 2014). I then tested whether individuals captured in traps differed in these behaviours 



35 
 

compared to individuals captured at large in the stream. I predicted that trapped individuals 

would (i) take longer to leave the confined space compared to those captured at large because 

willingness to exit could reflect an individual’s willingness to leave an open space and enter a 

trap; (ii) be more active than Sea Lamprey captured at large in streams because higher baseline 

activity would increase the probability of finding and entering a trap; and (iii) respond less to the 

predator cue relative to lamprey collected at large, under the assumption that the response to 

predator cue could reflect a general response to risky situations, and traps are perceived as risky. 

It is important to note that I sampled lamprey at large using electrofishing, which I assumed is 

random with respect to CIDs in behaviour. This may not be the case, however. For example, 

seining was used to capture shy pumpkinseed sunfish not captured in traps, but some individuals 

that were identified could not even be captured by seining (Wilson et al. 1993).  

 

METHODS 

SEA LAMPREY COLLECTION AND CARE 

Spawning phase Sea Lamprey were collected from Duffin’s Creek in Ajax, ON (Fig. 2.1) on 4, 

9, 18, and 27 May, 2013. These dates coincided with one collection early in the spawning 

migration, two near peak migration, and one late in migration.  

 

Sea Lamprey were collected using two methods: trapping and electrofishing. Trapping involved 

collecting recently-trapped individuals from a trap built into a low-head barrier that prevents 

lamprey migration upstream (the trapped sample). The trap was emptied each morning and 

trapped individuals were subsequently held downstream in a 189.3 L perforated tub from 

approximately 1100 to 1800 h. The second method involved netting electroshocked individuals 
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from the 1.5 km stretch immediately downstream of the trap and barrier (the at large sample) 

from 0900 to 1800 h. This entailed electroshocking Sea Lamprey habitat with 275 V for three 

pulses using a Smith-Root LR24 back-pack electrofishing unit. The target Sea Lamprey were 

then shocked again to give the netter time to capture them. If suitable lamprey habitat was 

electroshocked and no lamprey appeared after the three pulses, a second electroshock sweep was 

performed after a five minute rest interval. Electroshocked lamprey were immediately placed in a 

189.3 L perforated tub until 1800 h, when lamprey collection ended for the day. Because these 

two sampling protocols (trapping versus electroshocking) may influence individual behaviour, 

trapped individuals (above) were also briefly electroshocked (3 times averaging 5 seconds each 

shock) at 275 V in their perforated holding tub to standardize shocking experience between the 

sample groups.  

 

At the end of the day, the two groups of Sea Lamprey were then placed in separate, aerated 

coolers and transported to Hagen Aqualab at the University of Guelph (ON). Upon arrival, one 

group was selected randomly for immediate internal tagging with passive integrative transponder 

(PIT) tags. The remaining group was tagged the following day. The lamprey were tagged so that 

I could identify individuals from each group. Both tagged and untagged groups were held at 8
o
C 

in an 800-L holding tank overnight. The tagging was staggered across days to distribute the 

workload associated with tagging and to avoid prolonging the stress of transportation and 

tagging on the lamprey. 

 

The tagging protocol involved seven steps. First, an individual was netted from the appropriate 

aerated cooler and placed in an aerated bath of 50 mg/L MS222 until it achieved partial loss of 
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equilibrium, demonstrated by arrested movement and attachment to the side of the bath 

container. Second, the lamprey was sexed and total length was measured to the nearest mm using 

a measuring board.  Third, the lamprey was transferred to a moist foam pad ventral side up for 

surgery. Fourth, the area around the incision (ventral, midline) site was disinfected with 

Povidone-iodine solution (5 g/L) and rinsed with a sterile saline solution (9 g/L). Fifth, a 5 mm 

incision was made using a sharp scalpel that was disinfected using Virkon solution (1 g/L) and 

rinsed with a sterile saline solution (9 g/L) and a PIT tag disinfected using Virkon solution (1 

g/L) and dipped in a sterile saline solution (9 g/L) was inserted into the peritoneal cavity using 

forceps. Suturing the incision site was not necessary. Gill pore activity was monitored during the 

tagging procedure and the lamprey was rinsed with oxygenated MS222 solution (50 mg/L) if gill 

pore activity increased, to ensure the lamprey remained anaesthetized. Sixth, following surgery, 

each lamprey was placed in an aerated recovery tank and monitored until it returned to 

equilibrium and showed normal behaviour.  Seventh, the tagged lamprey was transferred to 800 

L flow-through holding tank. The lamprey were then held for three days at a water temperature 

of 8⁰C and a light cycle of 12:12 light/dark. No food was provided as Sea Lamprey do not feed 

once the spawning migration commences (Sower 1985). 

 

Fifty-one lamprey were tested overall, 15 females and 27 males from a trap and 4 females and 5 

males collected at large. At large Sea Lamprey can be challenging to capture because they hide 

in refuges during the day, their refuge sites were not known, and their size and elongated body 

makes them difficult to net.   
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ETHICAL NOTE 

My experimental protocols were assessed and approved by the Animal Care Committee and 

Animal Use Protocol number 1940. To minimize stress, I strived to use the lowest successful 

settings while electroshocking Sea Lamprey. Lamprey were also handled as little as possible, 

with a damp dip-net or wet handling gloves. Tagging was completed as quickly as possible to 

reduce handling and time out of water.  

 

QUANTIFYING INDIVIDUAL DIFFERENCES IN BEHAVIOUR 

A sequence of three experimental protocols was performed in an indoor controlled lab 

environment that measured (i) time to exit a refuge, (ii) activity, and (iii) response to a chemical 

predator cue. All trials were run in the dark because Sea Lamprey are nocturnal. Fifteen replicate 

trials were run per night. Five trials were run simultaneously in five separate experimental 

setups. Each setup consisted of a 213 x 61 x 55 cm (L x W x D) arena with an inflow at one end 

and an outflow at the opposite end. Prior to every trial, each arena was filled with fresh 8⁰C 

water to a depth of 30 cm. A refuge was placed at the downstream end near the outflow of each 

arena. The refuge was a 10.2 cm diameter by 40 cm long grey PVC pipe cut down the center to 

create two half tubes with the cut sides facing down and a sheet of 40 cm x 24 cm grey PVC 

placed over top of them and fixed using screws (Fig. 2.2). One end of the refuge was open and 

the other end was blocked by a piece of grey perforated PVC so that lamprey could only enter 

and exit from one end. A standard house brick was placed on top of the refuge to hold it in place 

during trials. The entrance of the refuge faced the site of inflow to encourage lamprey to leave 

the refuge. To ensure familiarity with the refuge, a replica of the refuge was placed in each 

holding tank prior to commencing behavioural trials. 



39 
 

 

Behavioural trials were performed between 29 May and 18 June, 2013. For each trial, an 

individual was selected randomly from the holding tank, placed inside the refuge of its assigned 

arena, and given 10 min to acclimate.  After 10 min, the trial commenced when the piece of PVC 

blocking the exit of the refuge was remotely lifted leaving the entrance to the refuge open. The 

responses of the test lamprey in the sequence of three experiments were then recorded using 4 

CCTV cameras (Speco Technologies, Amityville, New York) with infrared lights placed above 

the five test arenas. Red floodlights placed overhead around the test room provided additional 

lighting. Sea Lamprey do not detect red light (Vrieze and Sorensen 2001). Camera feeds were 

multiplexed using a four-channel quad processor and recorded using a VCR (Panasonic Model 

PV-4624S-K). 

 

Three experimental protocols were applied in sequence on each individual. The first protocol in 

the sequence measured the time (s) the test lamprey took to exit the refuge once the divider was 

lifted. The test lamprey was considered to have exited once all of its body had left the refuge. If 

the test individual had not exited after 1800 s, it was assigned a time to exit of 1800 s and the 

second activity protocol was not applied to these non-exiting individuals (64 out of 156 

occasions). For the second protocol, the movements of individual lamprey that voluntarily exited 

from the refuge were video-recorded for 30 min in their arena. Time spent moving was estimated 

as the proportion of the total time (1800 s) that the test lamprey spent outside of the refuge and 

unattached to any surface in the arena (i.e. moving). For the third protocol, a 5% mass to volume 

solution of dissolved PEA HCl was pumped into the arena at the site of inflow at approximately 

333 mL∙s
-1

 using a small submersible water pump (LifeGard QuietOne Aquarium/Fountain 
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Pump, Pentair Aquatics). The activity of the test lamprey was recorded for an additional 1200 s. 

The response of the test lamprey to the PEA HCl was measured by subtracting the proportion of 

time an individual spent moving during this protocol (with the PEA HCl) from by the proportion 

of time spent moving in the previous protocol (without the PEA HCl). A difference in activity 

was used to account for any differences in the baseline activity displayed prior to addition of the 

stimulus.  At the end of the third protocol, the arenas were rinsed with test water for 10 min 

using a pressure hose and the arenas were re-watered for the next set of trials.  

 

I strived to test each lamprey with each of protocols described above three times (trials). Times 

between subsequent trials ranged from 2 to 7 days (median = 4 days). Five lamprey, 3 trapped 

and 2 electroshocked died after one trial, and 1 trapped and 1 electroshocked died after the 

second trial. Some deaths are normal, because Sea Lamprey are semelparous and cease eating 

once spawning migration begins.  

 

Once the trials were completed, individual lamprey were euthanized and body weight (to the 

nearest gram) and maturity status (mature, immature) were determined to account for differences 

in CIDs in behaviour relating to these features. Maturity status was determined by visually 

assessing gonads of dissected lamprey. For males, the presence of milt indicated a mature male 

and the absence of milt indicated an immature male. For females, burst ovaries and loose eggs in 

the peritoneal cavity indicated a mature female and eggs still connected to the ovaries by 

connective tissue indicated an immature female. Gonads were then removed from fish and 

weighed to the nearest gram to determine a gonadosomatic index (GSI) by dividing the weight of 
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reproductive material by total body weight. This was used to confirm visual assessments of 

maturity where a large GSI indicated a mature fish and a small GSI indicated an immature fish.  

 

DATA ANALYSES 

I tested for CIDs in behaviour of all Sea Lamprey in two steps. In the first step, I estimated the 

repeatability (r) for each behavioural measure across all individuals, regardless of collection 

sample. Repeatability was assessed using the intraclass correlation, σa
2
/(σa

2
 + σw

2
), where σa

2 
is 

the variance estimated among individuals and σw
2
 is the variance estimated within individuals 

(residual variance). For each behavioural measure, the variance components were estimated from 

mixed-effects analysis of covariance using restricted maximum likelihood. In each analysis, the 

response variable was a behavioural measure and the predictor variables were individual identity, 

sex, maturity, and trial number. Individual identity was a random effect and sex, maturity and 

trial number (factor with three levels; 1, 2 or 3) were included as fixed effects to control 

statistically for any differences arising from these phenotypic attributes or from habituation over 

the trials (Nakagawa and Schielzeth 2010). Exit time was log10 transformed, proportion of time 

spent moving was arcsine square-root transformed, and response to the predator cue was not 

transformed prior to analysis to meet assumptions of normality. These analyses were conducted 

in the R package lme4 (Bates et al. 2014). The statistical significance of repeatabilities were 

tested by simulation-based likelihood ratio tests (LRTs) that compared models with individual 

identity to models without the random effect using the R package RLRsim (Scheipl et al. 2008). 

The biological significance of repeatabilities were tested by comparing the values I estimated for 

each behaviour to behavioural repeatability values reported in the literature, as summarized in 

the meta-analysis by Bell et al. (2009).  
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Animals repeatedly or sequentially experiencing stimuli may habituate their behaviour. The 

proportion of time spent moving every 120 seconds for a subset of 10 randomly selected lamprey 

was measured to determine if responses to the predator cue reflected habituation. The sequential 

nature of these tests required this because the response to the predator cue was always measured 

after the proportion of time spent moving in the arena before the predator cue was added. Ten 

individuals were chosen because initial data collection involved the proportion of time spent 

moving for individuals over the entire time period and measuring it for intervals required 

returning to the data under time constraints. A mixed-effects model with proportion of time spent 

moving as the response variable, individual identity as the random effect and time lapsed in the 

experiment as the fixed effect was used to test if the proportion of time spent moving for lamprey 

varied with time spent in the experiments. Proportion of time spent moving was arcsine square-

root transformed to meet assumptions of normality.  

 

In the second step of testing for CIDs in behaviour, I estimated the between and within 

individual level correlations between the behavioural measurements using the method of 

Dingemanse and Dochtermann (2013). This method provides more accurate estimates of the 

correlations between behavioural measures than do simple correlations calculated from mean 

values for each individual. The correlations were estimated using a Bayesian approach in the 

MCMCglmm package in R, using Markov chain Monte Carlo (MCMC) methods (Hadfield 

2010). A trivariate mixed model (i.e., a single model with three separate response variables) 

relating each of the three behavioural measures to individual identity, sex, maturity status, and 

body weight was used to estimate variances and covariances of the behaviours. Individual 
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identity was treated as a random effect and the dependent variables time to exit (log10 

transformed), proportion of time spent moving (arcsine square-root transformed), and response 

to the stimulus were assumed to follow a multivariate Gaussian distribution. Non-informative 

inverse-Wishart distributions were used as the priors for the analyses (Hadfield 2010). I used the 

first 10,000 iterations as a burn-in, plus an additional 50,000 iterations and a thinning rate of 25 

to make the estimates of variances and covariances (Hadfield 2010, Ferrari et al. 2013). 

Correlations between two behaviours were calculated as: 

               
              

               
,   and              

          

           
 

where CORind0i,ind0j is the among-individual correlation between behaviours i and j, COVind0i,ind0j 

is the among-individual covariance between behaviours i and j and Vind0i and Vind0j represent the 

corresponding among-individual variances. Similarly, CORe0i,e0j is the within-individual 

correlation between behaviours i and j, COVe0i,ie0j is the residual covariance between behaviours 

i and j and Ve0i and Ve0j represent the corresponding residual variances. Significant correlations 

were determined by 95% credible intervals that did not overlap with zero. Visual inspection of 

trace and density plots indicated that the MCMC chains converged and mixed well. 

 

I tested whether the CIDs in behaviour were related to susceptibility to trapping by comparing 

the behaviours of trapped and at large samples of lamprey using multivariate and univariate 

analyses of covariance (MANCOVA and ANCOVA, respectively), as well as using a Bayesian 

approach. For the MANCOVA and ANCOVA methods, individual mean values of time to exit 

the refuge, proportion of time spent moving, and the change in proportion of time spent moving 

following addition of the predator cue were the dependent variables, capture method 

(electroshocked or trapped) was the independent treatment variable, and sex (male, female), 
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maturity status (immature or mature) and body weight were included as fixed covariates that 

could also influence the behaviour. Individual univariate analyses of covariance (Type III SS) 

were used to detect which individual behavioural measures differed significantly between 

trapped and at large sample groups. For the univariate analyses, sex, maturity and body weight 

were included as covariates in the model. Time to exit was base-10 log transformed, proportion of 

time spent moving was arcsine square-root transformed, and response to the predator cue was not 

transformed in all analyses to meet assumptions of normality. The unequal number of individuals 

in the trapped versus at large group was accounted for using weighted averages. Using averaged 

values and more simple statistical methods can be easier to understand, however, these methods 

do not account for uncertainty associated with these averages (Hadfield 2010). Therefore, a more 

rigorous Bayesian approach was also used to evaluate if trapped lamprey behaved differently 

than electroshocked lamprey using the trivariate MCMC mixed-model described above with the 

addition of capture method (trapped or electroshocked) as a fixed effect.  

 

All statistical analyses were conducted in R version 3.1.0 (R Core Team, 2014). Figures were 

plotted using the package ggplot2 (Wickham 2009). 

 

RESULTS 

There was clear evidence that the Sea Lamprey displayed CIDs in behaviour. Individual Sea 

Lamprey differed greatly in the behavioural measures (Fig. 2.3): latency to exit the refuge ranged 

from 1 to 1800 s, proportion of time spent active ranged from 0 to 1.0, and the change in 

proportion of time spent moving following addition of the predator cue ranged from -1.0 to 1.0. 

In addition, repeatabilities for the behavioural measures were also moderate in magnitude and 
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statistically significant based on LRTs (time to exit a refuge: r = 0.30, LRT: 14.80, df = 1, p = 

0.0002; proportion of time spent moving: r = 0.45, LRT: 8.50, df = 1, p = 0.006; and response to 

stimulus: r = 0.53, LRT: 13.38, df = 1, p = 0.0009). The magnitudes of repeatabilities for 

behaviours measured in my study were comparable to repeatabilities reported for behaviours in 

the literature, suggesting that these are biologically significant repeatabilities. Bell et al. (2009) 

found that for 759 estimates of repeatability of behaviour reported in the literature, average 

repeatability was 0.37.  

 

There was little evidence for strong among- or within-individual correlations between the 

behavioural measures (Table 2.1). The among-individual level correlations were small and not 

statistically significant. At the within individual level, there was evidence that if an individual 

spent a greater proportion of time moving in the open arena it decreased its proportion of time 

spent moving following the introduction of the predator cue. The remaining correlations were 

again small and not statistically significant (Table 2.1).  

 

Comparison of the behaviour exhibited by trapped and at large Sea Lamprey suggested that 

susceptibility to trapping was related to CIDs in behaviour. Analysis using individual mean 

behaviours indicated that trapped lamprey differed significantly in behaviour from the at large 

group of lamprey (MANOVA: df = 1, p = 0.003). Trapped lamprey spent a significantly higher 

proportion of time moving in the arena (t = 2.68, p = 0.008; Fig. 2.4), and a significantly lower 

proportion of time spent moving in response to the predator cue compared to at large lamprey (t 

= -2.59, p = 0.01; Fig. 2.4). Trapped and at large lamprey did not differ significantly in the time 

required to exit the refuge (t = -0.32, p = 0.75; Fig. 2.4). Analysis using MCMC methods also 
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indicated that trapped lamprey differed in behaviour from the at large group. Trapped lamprey 

significantly decreased their proportion of time spent moving when the predator cue was added 

compared to the at large group (β = -0.44, CI0.95 = -0.79 to -0.07, p = 0.02). Trapped lamprey 

also had a higher proportion of time spent moving in the arena compared to electrofished 

lamprey, but this difference was not significant (β = 0.30, CI0.95 = -0.09 to 0.69, p = 0.14). 

Trapped and at large lamprey did not differ significantly in the time required to exit the refuge (β 

= -0.09, CI0.95 = -0.6228408 to 0.3781105, p = 0.73). 

 

The proportion of time spent moving in the arena did not appear to vary with time spent in the 

experiment (t = 0.42, p = 0.67; Appendix 1), indicating the response to the predator cue was not 

the result of habituation.  

 

DISCUSSION 

My study revealed two main findings. First, Sea Lamprey exhibit CIDs in behavioural measures 

reflecting exploratory tendency, general activity, and response to a predator cue. Second, these 

differences are related to susceptibility to trapping because trapped and at large individuals 

differed in one of the behaviours irrespective of body weight, sex and maturity status.  

 

Sea Lamprey show consistent individual differences in three behavioural measures that appear to 

be linked to trapping. First, Sea Lamprey showed repeatable differences in time taken to exit a 

refuge, activity and response to a stimulus. Second, one of these behavioural measures was 

linked to trapping. Trapped lamprey decreased their activity when the predator cue was added 

while on average electrofished lamprey did not change their activity after the addition of the 
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predator cue. This is contrary to what I had predicted. I had predicted that trapped lamprey would 

change their activity less than electrofished lamprey in response to the predator cue, suggesting 

trapped lamprey are more willing to take risks. One interpretation of my results is that trapped 

lamprey are less willing to take risks compared to electroshocked individuals, as decreasing 

behaviour in the presence of a predator cue may indicate attempts to reduce detection by the 

predator. This suggests that willingness to take risks may affect susceptibility to trapping, where 

perhaps lamprey perceive traps as refuges. My results show that there was no difference in time 

to exit a refuge between trapped and electrofished lamprey. This suggests that time to exit a 

refuge does not predict vulnerability to trapping of individual Sea Lamprey. It remains unclear 

whether trapped lamprey differ in activity compared to electrofished lamprey, and if they do the 

relationship is weak.  

 

Among-individual behavioural correlations tended to be weak for lamprey, suggesting that 

behavioural syndromes do not exist between these behaviours. Within-individual correlations 

also tended to be low in magnitude, with the exception of the correlation between proportion of 

time spent moving and response to the predator cue. The negative relationship between 

proportion of time spent moving and response to the predator cue at the within-individual level 

may be explained by the nature of activity measured using proportions bounded by 0 and 1, 

where individuals that spent a large proportion of time moving (close to 1) can only maintain or 

decrease their time spent moving after the predator cue is added. Individuals that spent a small 

proportion of time moving (close to 0) can only maintain or increase their time spent moving 

after the chemical predator cue is added.  
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I have shown that CIDs in behaviour in Sea Lamprey likely have significant ecological and 

evolutionary consequences following three key steps outlined by (Réale et al. 2007). First, I have 

shown that standardized tests developed for other organisms can be used to assess CIDs in 

behaviour in Sea Lamprey. Second, I have shown that the behaviours measured by these tests 

appear to be linked to meaningful field behaviours. Response to a predator cue and general 

activity are potentially related to an individual Sea Lamprey’s susceptibility to trapping as 

compared to electrofishing. Third, I have shown that these CIDs in behaviour, to the extent that 

they influence individual trappability, will likely have consequences for reproduction. CIDs in 

behaviours varied with whether Sea Lamprey were captured in traps or at large, and so trapping 

targeting adult Sea Lamprey before they reproduce will suppress reproduction of trapped 

individuals more than of at large individuals.  

 

My study also provides evidence that standardized tests that are commonly used to measure 

repeatable variation in behaviour in diurnal species with good eyesight can also be used to assess 

CIDs in behaviour in a nocturnal species that has poor eyesight and relies heavily on tactile and 

olfactory cues. Most literature on CIDs in behaviour in animals focuses on diurnal species that 

are motivated by food acquisition and have good eyesight (Réale et al. 2007, Conrad et al. 2011), 

although there are exceptions (for examples see Campbell et al. 2003, Sinn et al. 2008, Kobler et 

al. 2009). Adult Sea Lamprey are night active and their vision degrades as the migration season 

progresses (Binder and McDonald 2007), increasing their dependence on olfactory cues for 

sensory information. They also stop feeding as adults and focus their energy on successful 

migration and reproduction. These aspects of the biology of adult Sea Lamprey made validation 

of standardized behavioural tests essential for use in this system. That these tests were used 
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successfully to measure CIDs in behaviour in Sea Lamprey provides value for other studies of 

nocturnal, olfactory organisms.   

 

Sea Lamprey provide an interesting model for testing if CIDs exist and their relation to 

trappability as Sea Lamprey cover a large geographic area and have large economic and 

ecological relevance. Sea Lamprey are found in most of the Great Lakes and have had 

devastating effects on several important fisheries by wounding and even killing large host fish. 

Understanding that CIDs in behaviour may play a role in trapping efficiency contributes to our 

understanding of lamprey vulnerability to trapping and could lead to advances in trapping 

techniques to increase capture success. My data suggest that lamprey that are less willing to take 

risks, and potentially, more active, are more susceptible to current trap designs. This information 

could be used to develop traps that can target and exploit these behaviours. For example, if 

lamprey perceive current trap designs as refuges, those that are less willing to take risk may be 

more likely to enter, similar to what I found. If traps that do not resemble refuges could be 

designed, lamprey that are more willing to take risks may be more susceptible to that trap design.  

However, trapping may not be an effective form of Sea Lamprey control if traps cannot be 

improved to capture individuals that differ consistently in their behaviours. 

 

CIDs in behaviour are potentially relevant to trapping in a wide range of contexts including 

assessing and managing invasive species, population abundance estimates, and harvesting 

animals. CIDs in behaviour affect vulnerability to trapping in several species. For example, 

exploratory and active individuals were more likely to be caught in traps in populations of both 

Siberian chipmunks (Tamias sibiricus) (Boyer et al. 2010) and red squirrels (Tamiasciurus 
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hudsonicus) (Boon et al. 2008). Additionally, individual collared flycatchers (Ficedula 

albicollis) that were more exploratory and more willing to take risks were more likely to be 

caught in traps (Garamszegi et al. 2009), and risk-taking individuals of both pumpkinseed 

sunfish (Lepomis gibbosus) and rock agamas (Agama planiceps) were more likely to be trapped 

(Wilson et al. 1993, Carter et al. 2012, respectively). For invasive species management, if certain 

individuals are unlikely to ever be captured in traps due to CIDs in behaviour, trapping for 

control may not be able to remove enough of the population to overcome density-dependent 

compensatory mechanisms of the target species, such as increased reproductive success (Rose et 

al. 2001). CIDs in behaviour could also lead to bias in population abundance estimates when 

using methods that assume equal catchability between all individuals in a population, such as 

mark recapture estimates. For Sea Lamprey, trapping is estimated to remove 40% of the 

population from the St. Marys River, based on mark-recapture methods (Haeseker et al. 2007). 

However, studies of PIT and acoustic tagged Sea Lamprey suggest as low as 10 – 22% of the 

population is captured in traps (Bravener and Mclaughlin 2013, Rous 2014). One possible 

explanation for this discrepancy between studies may be that mark-recapture estimates are biased 

toward a subset of the population that is more vulnerable to trapping. If some individuals in a 

population of animals are more susceptible to trapping than others within the same population 

this could lead to changes in the population over time providing these behaviours are heritable. 

Consequently, this could lead to a population of animals that are less susceptible to being 

captured in traps. While heritability of behaviours that are more susceptible to trapping would 

need to be investigated in Sea Lamprey, CIDs in behaviour have been found to be heritable for 

many species across a wide geographical and taxonomic range (van Oers et al. 2005).  
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There are six limitations of this research that should be addressed for both interpretation and to 

point out opportunities for new research. First, the sample of electroshocked lamprey was small 

due to challenges of finding and capturing them in the field. Sea Lamprey are nocturnal and hide 

under rocks during the day. Second, it is difficult to assess whether at large individuals had just 

entered tributaries and would be caught in traps within the next few days, or if they would never 

be caught in traps. Previous data on Sea Lamprey movement in streams indicated that some 

individuals never emerged from under rocks after entering a tributary and approaching a dam (N. 

Lower, personal communication). Third, despite best efforts to treat trapped and at large 

individuals the same, trapped lamprey may still have different experiences that affect subsequent 

behaviour. Fourth, behaviours were assayed in the lab and then linked back to capture method. 

While this served the purpose of validating lab tests that can distinguish CIDs in behaviour and 

link them to capture method, determining if behaviours of Sea Lamprey measured in 

standardized tests predict probability of capture is needed to provide a more direct test of 

whether CIDs in behaviour relate to vulnerability to trapping. Sixth, the response to the predator 

cue may actually be an indication of habituation to the test arena over time throughout a trial, as 

the predator cue experiment always followed the activity experiment. However, this does not 

seem likely because lamprey did not appear to significantly increase or decrease their proportion 

of time spent moving with time spent in the experiment (Appendix 1).  

 

Success of trapping programs can depend critically on trapping efficiency. It is widely 

recognized that trapping success can be influenced by a variety of behavioural processes. This 

study has used Sea Lamprey to demonstrate how variable CIDs in behaviour can be in an 

invasive species and that those differences can potentially affect susceptibility to trapping. For 
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invasive species management, managers may need to develop integrated approaches that seek to 

remove different types of individuals. CIDs in behaviour can have important implications for 

vulnerability to trapping that result in ecological and evolutionary consequences for wild 

animals, and should be considered in trapping programs.     
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FIGURES 

  

  
 

Figure 2.1 – A) The white dot shows the approximate location of Duffin’s Creek, a tributary to 

Lake Ontario (image from: www.worldatlas.com). B) Close up of Duffin’s Creek. The dark line 

indicates the area of stream that was electrofished and the white dot represents the location of the 

trap (image from Google Maps).  
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Figure 2.2 – Schematic of the top-view of the experimental arena (A) and refuge (B) that were 

used to assess behaviour in Sea Lamprey. Each arena had inflow at one end and outflow at the 

opposite end. A refuge was placed by the site or outflow. The refuge consisted of a 10.2 cm 

diameter 40 cm long grey PVC pipe cut down the center to create two half tubes (shown in side 

view) with the cut sides facing down and a sheet of 40 cm x 24 cm grey PVC placed on top.  

  

A B 
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Figure 2.3 – Plots summarizing behavioural measurements for Sea Lamprey during behavioural 

trials. Each point represents the measurement from a trial. Individuals are ordered lowest to 

highest based on a ranking of their mean measurement across trials for a given behavioural 

measurement. Ranking of individuals differs from a – c. (a) Time required to exit a refuge. (b) 

Proportion of time spent active (moving). (c) Change in activity in response to a predator 

stimulus.  

  

  

(a) (b) 

(c) 
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Figure 2.4 – Box plots summarizing predicted behavioural measurements made for Sea Lamprey 

captured by trapping (n = 42) compared to those captured by electroshocking (n = 9). (a) Time to 

exit a refuge (s). (b) Proportion of time spent moving. (c) The change in proportion of time spent 

moving in response to a predator stimulus. Box plots depict predicted values of a behavioural 

measurement from models considering the sex, maturity status and body weight of individual 

lamprey as covariates. The central bar in the box plots depicts the median and the whiskers show 

the standard error.  

(a) 

(c) 

(b) 
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TABLES 

 

Table 2.1 – Phenotypic Correlations and 95% credible intervals between behavioural traits for 

Sea Lamprey. Among-individual level correlations are above the diagonal and within-individual 

level correlations are below the diagonal. Credible intervals are beneath the respective 

correlations. Significant correlations, determined by credible intervals that do not overlap with 

zero, are bold.  

 

Trait Time to Exit 

Proportion of Time Spent 

Moving 

Response to Predator 

Cue 

Time to Exit - -0.44 0.07 

  
 (-0.77, 0.26) (-0.39,  0.68) 

    
Proportion of Time Spent 

Moving 
0.10 - -0.20 

 
(-0.15, 0.41) 

 
(-0.75 - 0.10) 

    

Response to Predator Cue -0.24 -0.38 - 

  (-0.55, 0.02) (-0.71, -0.24)   
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EPILOGUE 

My thesis indicates that behaviour of Sea Lamprey can be manipulated to improve trapping 

success, but this requires understanding factors affecting the behaviour of individual lamprey. In 

Chapter 1, I found that high discharge does not prevent Sea Lamprey from reaching trap 

openings and conspecifics do not block Sea Lamprey from entering traps. The time spent 

available to be trapped, however, affects the probability that Sea Lamprey will reach trap 

openings and enter traps afterwards. Therefore, it may be possible for managers to manipulate 

Sea Lamprey behaviour to improve trapping efficiency, but this requires discerning factors that 

increase the amount of time Sea Lamprey spend available at traps. In Chapter 2, I found that 

individual Sea Lamprey vary consistently in their behaviour, and that the behaviour of trapped 

Sea Lamprey differed from Sea Lamprey captured at large. These results indicate that mangers 

should consider an integrated approach to Sea Lamprey control, including removing lamprey 

from the population both actively and by trapping methods because these methods may target 

different types of individuals in the population. 

 

For improved Sea Lamprey control via trapping, future work should aim to discern what factors 

increase the time Sea Lamprey spend available at traps. Additionally, determining other 

behaviours that individual Sea Lamprey differ consistently in and whether these relate to 

trapping could be important for designing methods to capture Sea Lamprey that are less 

susceptible to trapping. Determining if CIDs in behaviour of Sea Lamprey that predict 

susceptibility to trapping exist and are heritable will be an important next step for assessing if 

trapping has the potential to shift the phenotype of Sea Lamprey towards a population that is less 

susceptible to trapping in the future.    
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Appendix 1 

 

 
 

Figure 1. Plot of the proportion of time spent moving for ten randomly sampled Sea Lamprey 

from the start of behavioural assessments (time 0) until the end (time 3000). The black vertical 

line indicates when a predator chemical cue (PEA HCl) was added to the test arena. The points 

depict proportion of time spent moving for each individual over time. Each coloured line 

represents a linear regression line for an individual. A regression line is missing for one of the 

ten individuals because data were missing for that individual during the response to the predator 

chemical cue.  

 


