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ABSTRACT 

 
 

CONSERVATION OF FISHES IN ALTERED ECOSYSTEMS: THE 
MOVEMENT ECOLOGY OF LISTED GRASS PICKEREL IN AN 

AGRICULTURAL DRAIN 
 
 
 

Natacha Alexandra Marie-Anne Kramski    Advisors:  
University of Guelph, 2015                 Dr. Robert L. McLaughlin, 
          Dr. Nicholas E. Mandrak 
 
 
 
Scientists and managers are pressed to conserve biodiversity in landscapes altered by 

human activities, especially agricultural changes in land cover, which can affect 

biodiversity dramatically. I tested whether Grass Pickerel Esox americanus vermiculatus 

in Beaver Creek, an agricultural drain near Fort Erie, ON, displayed restricted versus 

migratory movements. Grass Pickerel is a fish listed as Special Concern under Canada’s 

Species at Risk Act. Its movement ecology is poorly understood. Dredging of agricultural 

drains is a possible source of habitat fragmentation and loss. Most Grass Pickerel were 

sedentary from late spring to early autumn. Long distance movements occurred 

infrequently, varied seasonally, were made by larger individuals in better body condition, 

and were dispersive rather than migratory in nature.  The movement ecology of listed 

Grass Pickerel appears similar to that of common stream fishes, which should aid in the 

development of practices to minimize the effects of drain maintenance on fishes. 
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Introduction 

Scientists are being pressed to provide theory, data, and tools that can help conserve 

biodiversity in landscapes that have not been heavily modified by human activities and to 

restore natural diversity and ecosystem services in landscapes that have been degraded by 

human activities (Palmer et al. 2004). Demands on Earth’s resources are expected to 

increase in the next 100 years, as the human population grows to 8 - 11 billion people and 

altered ecosystems become the norm (Palmer and Filoso 2009). These demands may 

create trade-offs, where exploitation of one ecosystem service, such as flowing water for 

electricity generation, negatively impacts other ecosystem services, such as fish 

production.  These trade-offs need to be identified and managed to maintain the varied 

ecosystem services upon which we depend (Kareiva et al. 2007).  With careful study and 

stewardship, it may be possible to manage trade-offs in a way that is beneficial to both 

nature and people. 

 

Agricultural systems represent one landscape where scientific advances are needed to 

restore and maintain ecosystem services.  Cropland and pastures cover approximately 

50% of the Earth’s land surface.  Together, they represent one of the largest terrestrial 

biomes on the planet (Ramankutty and Foley 1999, Asner et al. 2004).  The extent of land 

cover change for agriculture is creating concern over the trade-off between the immediate 

need for agricultural production and other ecosystem services that these lands provide.  

These trade-offs are concerning because it could become prohibitively expensive to 

replace ecosystem services after they have been destroyed (Palmer and Filoso 2009).  

Further, trade-offs between ecosystem services can occur beyond the edge of agricultural 
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fields. For example, the clearing of forest to create new agricultural fields can increase 

surface runoff and river discharge (Sahin and Hall 1996, Costa et al. 2003).  Through 

runoff, agriculture has become the largest source of excess nitrogen and phosphorus into 

waterways and coastal zones (Carpenter et al. 1998, Bennett et al. 2001).  In addition, the 

water demands of agriculture, especially irrigation, account for 85% of the world’s 

consumptive water use (Gleick 2003).  In semi-arid regions, water consumption results in 

reduced flows, and drying up of streams and rivers, on a routine basis (Rosegrant et al. 

2002, Postel 1999).  Agricultural activities can also have biological repercussions.  

Hypoxic dead zones and algal blooms in the Great Lakes and around the world have been 

attributed to eutrophication due, in part, to agriculture (Daniel et al. 1998, Andersen et al. 

2014, Rozemeijer et al. 2014).  

 

Agricultural activities and their associated ecosystem service trade-offs are common in 

southern Ontario.  In 2011, over 1,300,000 hectares were cultivated as cropland in 

southern Ontario, representing 37% of the province’s cropland (Kulasekera 2012). One 

agricultural activity in particular, the digging out (maintenance) of ditches and channels 

(agricultural drains) used to drain water off of land, has become a source of tension 

between farmers, the drain superintendents that manage drains and fish habitat managers. 

Agricultural drains and their maintenance have been important to Ontario agriculture 

since the 1800s (Vander Veen 2001). The agricultural community generally believes that 

agricultural drains are not important fish habitat and that drain maintenance does not 

affect the few fishes living in the drains.  Fish habitat managers suspect that drains may 

represent important habitat for fishes and that drain maintenance could have significant 
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and lasting effects on the fishes living in drains (Stammler et al. 2008).  Although my 

study focuses on management tensions and scientific needs specific to southern Ontario, 

similar trade-offs and scientific needs have been identified in agricultural regions 

elsewhere in Canada, and in Europe and the United States (Hietala-Koivu 2002, 

Keenleyside et al. 2006). 

 

Agricultural drains are used to remove water from wet areas and increase agricultural 

fertility.  In Canada and the United States, 25% of agricultural lands are artificially 

drained (Herzon and Helenius 2008). Former wetlands provide some of the best arable 

land (Van der Gulik et al. 2000). Without drains, these areas could be subjected to regular 

flooding, erosion, reduced production from agricultural land, and increased public health 

risk associated with standing water (Vander Veen 2001). Drains remove the water from 

the pores of the soil, so that the pores can deliver oxygen and nutrients to the plants’ 

roots, leading to deeper and more extensive root development (Wesseling 1974, 

Smedema and Rycroft 1983). Drainage can be obtained using subsurface or surface 

drains.  Subsurface agricultural drains are usually brick or plastic tiles or tubing placed 

under the root zone of crops.  Surface drains are open channels running through or near 

fields.  They can be man-made channels or modified natural waterways. Surface drains 

must be maintained periodically. Their ability to transport water can decrease over time 

as channels or banks erode, sediments accumulate, and aquatic vegetation grows (Schwab 

et al. 1957, Skaggs et al. 1994).  Maintenance involves using heavy machinery to remove 

sedimentation and accumulated debris and vegetation from the drain channel.  
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In Ontario, tensions between the agricultural community and fish habitat managers 

surrounding drain maintenance are due, in part, to how drains are managed.  The Ontario 

Ministry of Agriculture, Food and Rural Affairs (OMAFRA) manages drains and their 

maintenance under the provincial Drainage Act. OMAFRA considers surface drains to be 

a farming activity important for maintaining crop production. The federal Department of 

Fisheries and Oceans (DFO) manages fish resources under the Fisheries Act. Until the 

recent revisions to the Act, DFO considered surface drains to be an important form of fish 

habitat, because many drains were created from natural watercourses and most drains 

empty into natural watercourses.  Farmers and drainage superintendents can face fines 

under both pieces of legislation.  For example, a drainage superintendent in Fort Erie, ON 

was at risk of legal action under the Drainage Act if he did not maintain a drain to ease 

flooding of a private property. He was also at risk of legal action under the Fisheries Act 

if he maintained the drain (B. Ruck, Town of Fort Erie, ON, pers. comm.). Following 

recent revisions to the Fisheries Act, DFO is now managing serious harm only as it 

relates to commercial, recreational, and Aboriginal fisheries; however, the list of fish 

species considered for protection is extensive and there is uncertainty regarding how 

drain maintenance should be managed under the revised Act. 

 

The tensions between the farming community and fish habitat managers can be 

complicated further in instances where a drain is inhabited by a species with a federal or 

provincial conservation designation. In these situations, the federal Species At Risk Act 

(SARA) would also come into consideration. It protects wildlife species identified as 

being of Special Concern, Threatened, Endangered or Extirpated in Canada and prohibits 
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the destruction of habitat identified as necessary to the recovery and survival of a listed 

species (SARA 2014).  

 

A greater understanding of how fishes use drains and respond to drain maintenance could 

assist with the development of management practices that would balance the needs for 

removing water from agricultural lands, while providing habitat for fishes.  This could 

ease the tensions between the farming community and fish habitat managers. Stammler 

and others (2008) compared the species, sizes, and life stages of fishes collected from 

agricultural drains with the species, sizes, and life stages collected from similar-sized 

(reference) watercourses with no history of drain maintenance. They concluded that 

agricultural drains provide fish habitat, but also that drain maintenance did not appear to 

have long lasting effects on the fish assemblages found in drains. A follow-up study 

experimentally examined the effects of drain maintenance on fish assemblages and 

concluded that fish assemblages in headwater drains recovered in the 6-24 months 

following drain maintenance (B. Ward-Campbell, U. Guelph, pers. comm.). The species 

inhabiting drains appear to be adapted to the uncertainties (flooding, drought) of 

headwater streams and, consequently, drain maintenance.  However, neither of these 

studies included a species-at-risk in the study drains. 

 

My thesis examined the movement of Grass Pickerel Esox americanus vermiculatus, 

listed as Special Concern in Canada, in an agricultural drain in southern Ontario, Canada.  

Grass Pickerel in the Beaver Creek agricultural drain in Fort Erie, ON provided an 

opportunity to study whether a listed species would respond to drain maintenance in a 
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manner similar to species without any conservation designation. The Grass Pickerel is a 

member of the Esocidae family. In Canada, it is at the northern edge of its range and is 

found in spatially isolated populations through southwestern Québec and southern 

Ontario (Beauchamp et al. 2012). Changes in water temperature are thought to be the 

stimulus for spawning movement towards flooded stream margins.  Spawning generally 

occurs between late March and early May when water temperature is between 7.2°C and 

11.7°C, but there is also evidence of some fall spawning in Ontario (Scott and Crossman 

1998).  Grass Pickerel were listed as a species of Special Concern under SARA in 2005. 

The need for drain maintenance in the Beaver Creek watershed created the opportunity 

for a multi-agency study examining the effect of drain maintenance on the ecology of 

Grass Pickerel before and after maintenance of the drain.   

 

My study focused on Grass Pickerel movement in Beaver Creek to better understand the 

movements of Grass Pickerel prior to drain maintenance and to delineate the baseline 

condition in a longer-term before-after-control-impact (BACI) study (Underwood 1992, 

1994). I focused on movement because habitat modification or destruction caused by 

drain maintenance and barriers to movement were identified as threats to Grass Pickerel 

survival in Canada (Beauchamp et al. 2012). The consequences of habitat loss and 

fragmentation would depend on the movement ecology of the Grass Pickerel. Little is 

know about Grass Pickerel movement. In a well-populated pond in Jones Creek near 

Brockville, ON, Crossman (1962) observed that Grass Pickerel moved very little and 

only over short distances in search of food or cover.  However, observations were 

qualitative and restricted to the pond.      
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Movements of stream fishes vary along a continuum from being sedentary to migratory. 

Gerking (1959) asserted that many stream fishes do not travel long distances over the 

course of their lives (the Restricted Movement Paradigm). More recent quantitative, 

tracking studies have questioned this paradigm, noting limitations with study design and 

sampling methods (Gowan et al. 1994).  There is now considerable evidence that many 

resident stream fish populations consist of two subgroups of individuals differing in 

movement behaviour: a large subgroup of individuals that do not move very far over time 

and a small subgroup that undertake much longer movements over the same time period 

(Skalski and Gilliam 2000, Rodriguez 2002, Radinger and Wolter 2013). Alternatively, 

some riverine fish populations undertake migrations where a large portion of the 

population moves synchronously and cyclically over long distances between habitats 

(Brönmark et al. 2013).  In north temperate streams, migration between summer and 

winter habitat often occur. Spawning migrations between breeding and feeding habitats 

can also be undertaken once individuals reach sexual maturity (Schlosser 1991).  

 

Where Grass Pickerel occur along this continuum is unclear. Esocid fishes are considered 

to be sit-and-wait predators with a morphology suited for short bursts of swimming, 

rather than long distance movements (Webb and Skadsen 1980, Wahl and Stein 1988, 

Harvey 2009), thereby making the Restricted Movement Paradigm plausible. Drain 

maintenance involves denuding the vegetation and structure of the maintained section of 

drain, which could have important local consequences if Grass Pickerel tend to be 

resident to a small section of the drain. Alternatively, Northern Pike Esox lucius, a related 

esocid fish, is known to make spawning migrations in some tributary systems (Ovidio 
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and Philippart 2003, Baetens et al. 2013, Pauwels et al. 2014), suggesting that migratory 

movements could also be plausible for Grass Pickerel. In this situation, drain 

maintenance could have important consequences for Grass Pickerel if the changes to the 

maintained section of the watercourse destroy important migratory destinations (e.g. 

spawning sites) or impede normal movements important to the life history of this species, 

such as seasonal migration for food, reproduction, or overwintering. In central Indiana, 

the abundance and mean size of Redfin Pickerel Esox americanus americanus, a species 

closely-related to Grass Pickerel, were lower in fragmented streams than in streams that 

were not fragmented (Guenther and Spacie 2006).   

 

To help resolve the movement behaviour of Grass Pickerel in Beaver Creek, I tested 

whether Grass Pickerel undertook long-distance migratory movements during the active 

portion of the annual cycle (late spring to early fall).  Four predictions were tested. First, I 

tested whether a large proportion of tagged Grass Pickerel undertook long-distance 

movements. Second, I tested whether the movements were synchronous, with movements 

occurring in a short period of time. Third, I tested whether the direction of movements 

reversed between early and late in the study season, which would suggest the movements 

were cyclic in nature. Evidence supporting these predictions would suggest Grass 

Pickerel undertake seasonal migrations. Rejecting them would suggest that Grass 

Pickerel move in a manner more consistent with the Restricted Movement Paradigm. 

Fourth, I tested whether the movements observed were related to spatial and temporal 

features of Grass Pickerel habitat and to phenotypic features of Grass Pickerel. This 
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prediction was used to evaluate the null model that the movements observed were 

random. 

 

The predictions were evaluated by tagging Grass Pickerel with passive integrated 

transponder (PIT) tags and tracking their movements between three tag detection 

(antenna) stations placed on Beaver Creek. To address the first prediction, I evaluated 

whether a large portion of the tagged Grass Pickerel moved between antenna stations. To 

address the second prediction, I evaluated whether movements between antenna stations 

were synchronous over the course of the study period. To address the third and fourth 

predictions, I built multi-state models assessing three classes of variables that could 

explain Grass Pickerel movement: spatial factors, temporal factors, and phenotypic 

factors.  These factors could identify drivers of directed rather than random movements.   

Spatial differences in habitat or environmental conditions in the stream sections 

separating the different antenna sites could lead to differences in the propensity for Grass 

Pickerel to move among or stay within sections of the watercourse. Distances between 

suitable habitats can also affect the propensity for fish to move (Radinger and Wolter 

2013).  Differences in temporal factors, such as season or water temperature, could 

influence Grass Pickerel activity and therefore movement. The timing of fish dispersal 

and migration often depends on environmental conditions, such as light and temperature 

cues, rather than being unconditional and fixed (Bowler and Benton 2005). Water 

temperature also affects important energetic processes such as metabolic rate and the cost 

of movement.  Lastly, individual differences in length, weight, or condition factor could 

affect movement. Smaller fish, or those in poorer condition, could travel farther in search 
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of habitat where inter- and intra-specific competition for food or space is weaker, or 

where risk of predation is lower (Hansen and Closs 2009, Akbaripasand et al. 2014).  

Larger fish, or those in better condition, could have greater freedom to roam and exploit 

habitats of high quality in terms of access to food and avoidance of predators (Hughes 

and Reynolds 1994).  Larger fish might also be travelling longer distances because of 

larger home ranges (Minns 1995).     

 
Methods 

History and description of study site 
 
The Beaver Creek Municipal Drain was created in February 1903 by By-Law 712, 

Former Township of Bertie.  The drain’s catchment area is 37.3 km2 of mainly rural land 

cover. Beaver Creek is a tributary of Black Creek, which drains into the Niagara River 

2.6 km further downstream. Beaver Creek consists of a main branch approximately 16.8 

km long and a south tributary approximately 7.6 km long (Figure 1). The creek is mostly 

composed of well-defined pool/riffle sequences, but some sections consist of steep and 

entrenched channels or stable multiply braided channels with well-vegetated floodplains. 

The substrate of the creek is clay or bedrock with some sections covered with moderate 

to large amounts of silt, sand, gravel or cobble. The banks of the creek are usually heavily 

vegetated with trees and shrubs. There is no official record of drain maintenance in the 

main branch but it is suspected that drainage improvements were made over the last 75 

years (UEM 2010).  Beaver Creek is a low gradient system and the main branch displays 

less sinuosity than expected based on this low slope, suggesting that some areas have 
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previously been channelized and straightened. There is no record of drainage activity for 

the south tributary.  This tributary may be a natural system.   

 

Capture and tagging of Grass Pickerel 
 
Grass Pickerel were collected for tagging from 13 May to 5 November 2009 and from 13 

April to 26 August 2010 in Beaver Creek in Fort Erie, ON.  Sampling occurred at 11 

tagging sites throughout Beaver Creek (Figure 1).  Each summer, the sites were visited 

sequentially so that each of the 11 sites had been visited before the first site was visited 

again.  Sampling at each site was conducted using a 30’ bag seine (1/8” mesh). Three 

seine hauls of the pools near the road crossing were made during each visit.   Captured 

Grass Pickerel were weighed (±0.01 g) using a digital 3kg scale (Ohaus, Valor 3000 

Xtreme), measured to total length (±1 mm) on a measuring board and checked for PIT 

tags using a portable tag reader (Oregon RFID, Portable HDX Reader).  Grass Pickerel 

tagged previously and recaptured had their PIT tag code recorded and were released.  

Untagged Grass Pickerel longer than 180 mm total length (TL) were implanted with a 

PIT tag (Oregon RFID, 23mm HDX). Individuals of this size are large enough to undergo 

surgery without serious adverse effects (Acolas et al. 2007). In 2009, 678 Grass Pickerel 

were surgically implanted with PIT tags.  In 2010, an additional 865 Grass Pickerel were 

surgically implanted with PIT tags. 

 

The tagging protocol involved anaesthetizing a fish in a clove oil bath (~1 mL/ L) and 

removing the individual from the bath after it reached stage 3 of anaesthesia (partial loss 

of equilibrium).  The individual was placed in a moistened surgery sling and a small 
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incision (~5mm) was made just behind the pelvic girdle using a surgical blade.  The PIT 

tag was then inserted into the body cavity in an anterior direction through the incision.  

The incision was closed with a suture using monofilament suture thread (Johnson & 

Johnson, Ethicon PDS suture Z397H-RL).  During each surgery, the Grass Pickerel was 

periodically irrigated with creek water.  Scalpels and tags were sanitized in 95% ethanol 

before use.  Following surgery, individual Grass Pickerel were placed in a 68L recovery 

tank and monitored for approximately one hour, until swimming ability was fully 

regained. The tagged Grass Pickerel were then released back into the creek at the site of 

capture. 

 

Tracking Grass Pickerel movement 
 
The movements of tagged individuals were tracked using antenna stations located at road 

crossings (culverts) at Stevensville Road, Montasola Farms, and Bowen Road (Figure 1).  

The Stevensville Road station was 0.4 km upstream of the confluence on the main 

branch.  The Bowen Road station was 2.6 km downstream of the confluence on the main 

branch.  The Montasola Farms station was 0.5 km upstream of the confluence on the 

south tributary.  Distances between the Stevensville Road and Montasola Farms stations, 

the Stevensville and Bowen Road stations, and the Bowen Road station and the 

Montasola Farms stations were 932, 3,037, and 3101 m, respectively. Placing the antenna 

stations near road crossings facilitated access to the sites and maintenance of the stations.  

In addition, pools near the road crossings were often the deepest parts of Beaver Creek 

and Grass Pickerel were found in higher numbers in these pools than throughout the rest 

of the creek.  Grass Pickerel movement was tracked from 13 May to 24 November 2009 
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and from 14 April to 20 December 2010.  Start dates were selected so that air 

temperatures stayed consistently above freezing and it was warm enough for the stations’ 

batteries to function properly.  End dates were selected so that stations were taken down 

once falling air temperatures made it difficult for the batteries to power the antenna 

stations. 

 

Each antenna station consisted of eight components: antenna loops made of welding 

cable; T-bar supports; tuner boxes; twin axial cable; a multiplexer; a large plastic bin; a 

tree stand; and, two 12V Marine batteries.  At each station (Figure 2), four antennas made 

of welding cable were looped across the bottom of the creek.  The antenna loops were 

anchored to T-bars on each side of the creek.  On the open side of each antenna loop, a 

tuner box (Standard Remote Tuner Board with Box, Oregon RFID) was attached to the 

T-bar and connected to the antenna loop.  Twin axial cable connected each tuner box to a 

multiplexer (Multi-Antenna HDX Reader, Oregon RFID) that was placed in a plastic bin 

(24 gal Rubbermaid Actionpacker) and positioned on a tree stand. The antenna stations 

were powered with two 12V Marine batteries (MotoMaster Nautilus) changed on a 

weekly basis. Each tuner box was tuned to optimum detection ranges (~0.3 - 0.5m) using 

a test tag. Tuning occurred bi-weekly in the summer and monthly in the fall and winter, 

based on the availability of field personnel.  Each time a tagged Grass Pickerel was 

detected by an antenna, the multiplexer recorded the tag number, date, time, and 

identification number of the antenna detecting the tag.   Data were downloaded weekly 

from the multiplexers using a rugged personal data assistant (Meazura Model Mez1000). 
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Habitat data 
 
Six water level loggers (Global Water W16 Water Logger) were installed throughout 

Beaver Creek to measure temperature (±0.01°C).  The loggers were placed at six road 

crossings: Garrison Road, House Road, Stevensville Road, Eagle Street, Nigh Road, and 

the Montasola Farms property. Water level measurements were recorded hourly.  

Loggers were set up each spring and taken down each fall.  The data were downloaded to 

an Excel file after each field season.  The creek-wide daily average temperature was used 

in the multi-state models described below.  

 

Data analysis 
 
The PIT tag detections were used to compile tracking histories for each individual 

starting from the day of tagging and extending for the remainder of the field season. 

These histories consisted of daily records of whether an individual was detected at an 

antenna location (detected or not detected) and, when detected, the identification of the 

antenna station. The histories spanned up to 196 days in 2009 and 251 days in 2010. A 

day was used as the time increment as no movements between antenna stations within a 

day were observed. Redundant tag detections within a day were eliminated. 

 

The proportion of Grass Pickerel detected moving between antenna stations was used to 

evaluate the prediction that a large proportion of individuals would make long distance 

movements (prediction 1). Whether the movements between antenna stations were 

synchronous (prediction 2) was evaluated by graphing the daily frequency of movements 
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between antenna stations across the duration of each study season and assessing visually 

whether the movements were aggregated in time. 

 

Multi-state models of the movements were created to determine whether the movements 

between antenna stations were cyclic over the season (prediction 3) and if and how the 

movements between antenna stations were correlated with spatial, temporal, and 

phenotypic factors (prediction 4). The multi-state models were created using Program 

MARK, version 7.2 (White and Burnham 1999).  The detection histories required by 

Program MARK summarized, for each tagged individual, daily records of whether an 

animal was detected and where.  In both 2009 and 2010, only Grass Pickerel that were 

detected at least once by antenna stations were included in the models. Fish tagged at 

tagging sites associated with an antenna station had their tagging date included as their 

first detection.  For the 43 fish in 2009 and 35 fish in 2010 that moved from tagging sites 

without antenna stations to sites with antenna stations, the date of the first detection at an 

antenna station was used as the first detection in the detection histories.  Fish that were 

originally tagged in 2009 and detected at antenna stations in 2010 were also included in 

the models for 2010.  For the fish tagged in 2009, the date and location of the first 

detection at an antenna station in 2010 were used as the first detection in the 2010 

detection histories.  In 2009, detection histories for 256 Grass Pickerel, spanning 196 

days, were used to create the multi-state models.  In 2010, detection histories for 484 

Grass Pickerel, spanning 251 days, including histories for 103 fish originally tagged in 

2009, were used to create the multi-state models.   
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The fitted multi-state models estimated: (i) the probability that an individual at antenna 

station r at time t had moved to antenna station s at time t+1 (ψrs
t) (a measure of 

movement); (ii) the probability that a tagged individual present at antenna station r at 

time t was detected (pr
t) (a measure of tag detection); and, (iii) the probability that a 

tagged individual alive at time t survived to time t+1, given that the tagged individual 

was at site r at time t (Sr
t) (a measure of survival).  The movement probabilities between t 

and t+1 were assumed to follow a first-order Markov process. 

 

Three modelling steps were carried out for each study year. The first step sought to 

identify suitable baseline values for survival, S, and probability of detection, p, among 

antenna stations and over the study season (early versus late; defined below) if the 

probability of movement, ψ, was kept constant. Sixteen models treating S and p as 

constant, or variable across time and space, were compared to isolate the best 

approximating model from each model set. This model set considered all combinations of 

S and p varying as a function of site, season, both site and season (an additive model) or 

being constant.  The best approximating model from this step was carried forward as the 

baseline model for the next two steps. The second step sought to identify the best 

predicting model for each class of potential correlates of movement, ψ, (spatial, temporal, 

and phenotypic). Separate model sets for each of the spatial, temporal, and phenotypic 

factors were compared to isolate the best approximating model for each set of correlates.  

The antenna site location and distance between sites were included as spatial predictors 

of ψ.  Water temperature, season (early versus late), and the statistical interaction 

between site and season were included as temporal predictors of ψ. The Julian date 250 
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(September 7) was used to distinguish early in the field season from late in the field 

season. Log10(total length), log10(wet weight), and body condition (the residuals of the 

linear regression relating log10(wet weight) to log10(total length)) were included as 

phenotypic predictors of ψ.  In the third step, the best models from each of the spatial, 

temporal, and phenotypic model sets were competed against each other to identify the 

best approximating model linking movement to spatial, temporal, and phenotypic factors. 

The magnitudes of the values estimated for ψ early and late in the study season were used 

to evaluate whether movements were cyclic (prediction 3). The predictor variables in the 

best approximating model from this step were used to evaluate prediction 4. The three 

modelling steps were undertaken to avoid having to simultaneously assess a much larger 

and complex model set and to avoid overfitting the models. 

 

At each step, I used Akaike’s Information Criterion (AICc) to select the best 

approximating model from a set of candidate models (Burnham and Anderson 2002).  I 

also used AICc weights (AICcω) to assess the weight of evidence supporting each model 

in the candidate model set as being the best approximating model given the data.  

 

Results 

Proportion of fish undertaking long-distance movements (prediction 1) 
 
In 2009, 34 of the 256 fish detected at antenna stations were detected moving between 

antenna stations (13.3%).  Of these, 23 were detected at two sites (one long-distance 

move) and 11 were detected at three sites (two long-distance moves).  In 2010, 10 of 103 
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(9.7%) Grass Pickerel tagged in 2009 were detected moving between antenna locations 

and 15 of the 346 fish tagged in 2010 and detected at antenna stations were detected 

moving between antenna stations (4%). Of these, 22 were detected at two sites (one long-

distance move) and three were detected at three sites (two long-distance moves). 

 

Timings of long-distance movements (prediction 2) 
 
In both study years, there was little evidence of synchrony in either the numbers of 

individuals detected daily at the antenna stations over each study season (general activity) 

or in daily numbers of individuals observed moving between antenna stations (long-

distance movements) over the study season (Figure 3).  Towards day 250, no detections 

were made in 2009 and there was a slight decrease in the number of detections in 2010. 

No movements were detected around day 250 in both years.  In 2009, there was much 

more movement detected in the late season.  In 2010, the movements detected were more 

evenly distributed between the early and late seasons.    

 

Spatial, seasonal, and phenotypic correlates of long-distance movements (prediction 4) 
 
In both 2009 and 2010, the movement of Grass Pickerel varied as a function of temporal 

and phenotypic factors (Tables 1-6). In 2009, the best approximating baseline model in 

the first model set revealed that the probability of survival, S, varied between sites and 

the probability of detection, p, varied between sites and between early and late in the 

study season (Table 1).  In the second model set, the best spatial model revealed that the 

probability of moving between sites varied by site and with distance between sites (Table 

2).  The best temporal model revealed that the probability of moving varied with time of 
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season (Table 2).  The best phenotypic model revealed the probability of moving between 

sites depended on an individual’s condition factor (Table 2).  In the third and final model 

set, the best overall model revealed that the probability of movement between sites varied 

as a function of site, with movement being greater from the main branch into the southern 

tributary than along the main branch or out of the southern tributary; as a function of time 

of season, with the probability of movement being higher early in the season than late in 

the season; and as a function of condition factor, with individuals in better condition 

being more likely to move than individuals in poorer condition (Table 3).  

 

In 2010, the best baseline model from the first model set revealed that the probability of 

survival did not differ between sites while the probability of detection did (Table 4).  In 

the second model set, the best spatial model revealed that the probability of moving 

varied between sites as well as with distance between sites (Table 5).  The best temporal 

model revealed that the probability of moving varied between sites and between time of 

season (Table 5).  The best phenotypic model revealed that the probability of moving 

varied with total length and wet weight (Table 5).  In the third and final model set, the 

best overall model revealed that the probability of movement between sites varied as a 

function of site, with movement being greater from the main branch into the southern 

tributary than along the main branch or out of the southern tributary; as a function of time 

of season, with the probability of movement being higher late in the season than early in 

the season; and as a function of total length and wet weight, with larger, heavier fish 

having a higher probability of movement (Table 6).  
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The best overall models also provided two useful, additional insights.  First, in both 

years, Grass Pickerel mortality was generally low.  In both 2009 and 2010, the daily 

probability of survival was close to, or at, 0.99 (Table 7, Table 8).  Second, the 

probability of detection of Grass Pickerel, given that they were present, varied widely 

between sites.  In 2009, the probability ranged from 0.0027 to 0.91 early in the season to 

0.0025 to 0.91 later in the season. In 2010, the probability ranged from 0.021 to 0.76 

(Table 7, Table 8). 

 

Cyclical movement (prediction 3) 
 
The movement parameters estimated from the multi-state models for 2009 and 2010 

(Tables 7, 8) provided no evidence that movements between antenna stations were cyclic, 

i.e. reversing direction from early to late in the season. For 2009, estimates of the 

probability of individuals moving between antenna stations during early and late parts of 

the season (Table 7) indicated that individual Grass Pickerel were most likely to move 

from the Stevensville and Bowen Road sites on the main branch to the Montasola Farms 

site on the south tributary (Table 7). Probabilities of movements in the reverse directions 

were lower by an order of magnitude. Probabilities of moving along the main branch 

between the Stevensville and Bowen Road sites were very low. A net influx into the 

Montasola Farms site on the south tributary was apparent both early and late in the study 

season (Table 7).  The probability of movement was slightly higher early in the study 

season than later.  For 2010, the general pattern was the same, although the probabilities 

of moving were higher later in the field season and the probabilities of moving from sites 

on the main branch to the site on the south tributary were roughly twice the probabilities 
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of moving in the opposite directions. Probabilities of moving between sites on the main 

branch were again very low (Table 8). 

 
Discussion 

My findings suggest the movement ecology of Grass Pickerel is most consistent with 

more recent iterations of the Restricted Movement Paradigm, where most individuals are 

relatively sedentary, but a small proportion undertake long-distance movements (Skalski 

and Gilliam 2000, Rodriguez 2002). My findings were not consistent with seasonal 

migration; only a small proportion of the tagged Grass Pickerel undertook long-distance 

movements (contrary to prediction 1), there were no obvious peaks in the timing of the 

long-distance movement (contrary to prediction 2) and there was no evidence of cyclical 

movement (contrary to prediction 3). The probability of undertaking long-distance 

movements was also greater for Grass Pickerel of larger size and better condition than 

those of smaller size and poorer condition, suggesting that the movements observed were 

not random displacements (prediction 4). 

 

Although I did not explicitly quantify the distribution of net displacements undertaken by 

the Grass Pickerel, my findings indicate that the movements of Grass Pickerel in Beaver 

Creek display features consistent with distribution of displacements quantified for 

common stream fish species in general and riverine populations of esocid fishes in 

particular.  Typically, sedentary fish account for 66% of the fish sampled from a 

population, and 70% in esocid species (Radinger and Wolter 2013). I estimated that 86%-

96% of Grass Pickerel did not undertake long-distance movements. Further, in other 
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esocid species, mean net displacements for the mobile fraction of individuals has been 

estimated to be ~1,000 m (Radinger and Wolter 2013), which is similar in magnitude to 

the movements I quantified for Grass Pickerel.  The comparison of these features suggest 

that features of the movement ecology of other common riverine fishes can be 

generalized to listed Grass Pickerel in Beaver Creek, and possibly more in terms of listed 

fish taxa.  

 

Despite literature records of seasonal migration in other populations of esocid fishes 

(Crossman 1990, Baetens et al. 2013, Pauwels et al. 2014), I found no evidence of 

seasonal migration for Grass Pickerel in Beaver Creek. My analyses revealed no support 

for predictions 1-3. Admittedly, my test of prediction 3 could be considered weak, 

because individuals might not initiate their migration from the exact same location, or 

move to the same destinations, as assumed in my analysis for cyclic movement. 

However, the movements exhibited by the Grass Pickerel provide no support for a 

significant portion of individuals undertaking long distance movements or synchrony in 

those movements. Further, the lack of support was consistent for both study years. 

However, my findings do not preclude the possibility that Grass Pickerel undertake other 

types of migration, such as cyclic, lateral movements between the floodplain and the 

mainstem of the creek (Kwak 1988). 

 

When Grass Pickerel did move, they generally moved from the main branch into the 

south tributary rather than within the main branch. The reason for this pattern of 

movement remains unclear. Grass Pickerel do not appear to be constrained in moving 
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along the main branch. Individuals moved from both the Bowen Road and Stevensville 

Road stations to the confluence of the main and south tributaries and then to the 

Montasola Farms station. This indicated that Grass Pickerel could move through the 

section of creek between Bowen and Stevensville Roads, but very few did.  A possible 

explanation for the larger amount of movement into the south tributary is that the portion 

of the south tributary closest to the confluence constitutes more favourable Grass Pickerel 

habitat than the main branch.  This part of Beaver Creek has a streambed of heavy silt on 

clay, shallow, slow-moving water and abundant aquatic vegetation; which is preferred 

Grass Pickerel habitat (Scott and Crossman 1998, Crossman and Holm 2005, Marson et 

al. 2007).  The direction of these movements suggests the possibility of a source-sink 

dynamic (Thomas and Kunin 1999, Dexter et al. 2014) with the main branch serving as a 

source for the south tributary. 

 

My conclusion regarding whether Grass Pickerel exhibit seasonal migration could be 

affected by the duration of my study. The study did not encompass the entire annual cycle 

so return movements necessary to identify seasonal migrations could have occurred 

outside of the period when the antenna stations were operating.  Based on Scott and 

Crossman (1998), spawning would have been expected in Beaver Creek when water 

temperatures were between 7.2°C and 11.7°C.  The antenna stations were not in 

operation early enough in the spring to measure movements when Beaver Creek was at 

these temperatures.  The PIT tag stations were in operation late enough into the annual 

cycle that, if Grass Pickerel were undertaking fall spawning or refuging migrations, their 

movements should have been detected.  The antenna stations were in operation until 
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water temperatures reached 4°C each year (Figure 3, Figure 4) when migration to 

overwintering habitat would be expected to occur.  

 

My study has limitations that are important to consider when interpreting my results.  

First, my analysis was limited to Grass Pickerel tagged at the antenna stations and Grass 

Pickerel tagged at other tagging sites that moved to an antenna station. Inclusion of the 

latter could have biased my sample toward individuals undertaking long-distance 

movements, because sedentary individuals from sites that did not have an antenna station 

were not included in the analysis. This bias was considered to be minimal, because so 

few individuals undertook long-distance movements. Second, my analysis and 

conclusions are restricted to those individuals that moved between the three antenna 

stations. Any tagged individuals that moved west of Bowen, northeast of Stevensville, 

and south of Montasola Farms could not be tracked and my interpretation of Grass 

Pickerel movement in Beaver Creek could be altered by the magnitude and timing of any 

movements made in directions outside of the sections between antenna stations. I have no 

reason to suspect that movements made outside of the antenna array would differ 

dramatically from the movements I observed within the antenna array.  Third, my 

analysis assumes that the behaviour of PIT-tagged fish is consistent with that of untagged 

fish. I expect any tagging effects to be minor. PIT tag studies are commonly used to track 

stream fishes (Cucherousset et al. 2007, Acolas et al. 2007).  Further, I observed high 

survival for the PIT tagged fish, the tagged individuals were tracked for relatively long 

periods of time, and the movements I observed were detected well after the surgeries; in 

some cases in the following year, indicating that they were unlikely to be immediate 
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avoidance responses to handling and surgery.  Similarities between Grass Pickerel 

movement and movement in other stream fishes tracked using different tagging methods 

(Rodriguez 2002) also foster some confidence that the patterns observed here are valid 

and valuable. Fourth, my conclusions are limited to the larger size classes of Grass 

Pickerel observed in Beaver Creek. It was not feasible to tag individuals smaller than 180 

mm TL. This tagging constraint, combined with the two-year duration of my study, 

means that movements of smaller fish, and any sort of longer-term, ontogenetic migration 

(Tack 1974, Hughes and Reynolds 1994, Baccante 2010), were not possible to track.  

 

The nature of Grass Pickerel movements may be ecologically important.  Long-distance 

movements permit colonization of new habitats (Radinger and Wolter 2013), gene flow 

among subpopulations (Wright 1978), and permit meta-population dynamics when 

populations are isolated into distinct, spatially separated sub-populations (Rieman and 

Dunham 2000, Taylor and Warren Jr 2001).  In these ecological situations, even 

infrequent movement where few individuals travel over long stretches of inhospitable 

habitat with low probability of survival can be important (Schlosser and Angermeier 

1995).  If Grass Pickerel undertaking these long-distances movements play a 

disproportionately important role in local group dynamics, then these may be considered 

keystone individuals (Modlmeier et al. 2014). 

 

How drain maintenance will affect the movements of Grass Pickerel, and their ecology, is 

likely complex.  For more resident individuals, if drain maintenance does not physically 

remove individual Grass Pickerel from the maintained section, it will likely force those 
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individuals into neighbouring stretches of the drain.  Movement back into the denuded, 

maintained section could be delayed until stream features such as in-stream and 

overhanging cover rebound (Fraser and Cerri 1982, Bell et al. 2011).  Grass Pickerel 

returning earlier could encounter elevated risks of predation by birds and larger fishes 

due to the absence of cover (Schlosser 1987, Labbe and Fausch 2000).  For the 

individuals that undertake long-distance movements, two outcomes are possible.  First, 

long-distance movements could be deterred across the maintained section if denuding a 

section of in-stream and overhead cover increases the risk of predation (Schlosser 1987, 

Lonzarich et al. 2000).  Alternatively, drain maintenance might facilitate long-distance 

movements if removal of in-stream cover that was effectively acting as a barrier (e.g. a 

log jam) and added depth after dredging in the maintained section make movement 

through the section easier and/or less risky.  Some fish are more prone to move through 

deeper corridors than shallower corridors (Roberts and Angermeier 2007), and drain 

maintenance can lead to deeper corridors.  From a comparative perspective, the 

similarities between Grass Pickerel movement and the movement of other common fishes 

suggest that the effects of drain maintenance on long-term abundances could be minimal.  

Ward-Campbell (2014, U. Guelph, pers. comm.) was unable to detect lasting effects of 

drain maintenance on assemblages of common fishes.  A possible explanation for her 

observations is that common headwater species are adapted to temporal changes in the 

availability of habitat, due to flooding and stream desiccation and populations rebound 

relatively quickly, in terms of movement and recruitment, to the changes created by drain 

maintenance.  
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The effects of drain maintenance provide an example where use of land for agriculture, 

and its effects on aquatic ecosystems, is creating tensions between agricultural 

communities and fish habitat managers.  My conclusions that listed Grass Pickerel in 

Beaver Creek are relatively sedentary throughout much of the year, with a small portion 

of individuals making long-distance movements, contributes to efforts seeking to resolve 

uncertainty in the form and magnitude of movements made by fishes inhabiting streams 

and rivers. My findings also provide a baseline for a BACI experiment examining how 

Grass Pickerel respond to drain maintenance in Beaver Creek. Together, these 

contributions will assist efforts to develop policy and practices that protect the fish and 

fish habitat in agricultural drains, accommodate the need for drain maintenance, and 

reduce time and economic costs resulting from uncertainty regarding the movement 

ecology of stream fishes and how this ecology can be affected by drain maintenance.  
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Tables 

Table 1. Model selection table from the analysis of Grass Pickerel survival and detection 
rates in 2009.  Models are ranked in ascending order according to ΔAICc. In the model 
column, S denotes probability of survival, p the probability of detection, and ψ  the 
probability of moving between sites.  The parameter constraints are given in subscripts:  
. = constant; EL = early and late season; site = site differences; + indicates an additive 
effect. 

Model AICc ΔAICc 
AICc 

Weights 
Model 

Likelihood 
# of 

Parameters Deviance 

Ssitepsite +ELψ. 13480.7 0.0000 1.0 1.0 8 13466.7 

Ssite+ELpsite +ELψ. 13550.5 69.8 0.0 0.0 7 13536.5 

Ssitepsiteψ. 13582.2 101.5 0.0 0.0 7 13568.1 

S.psiteψ. 13967.8 487.1 0.0 0.0 5 13957.8 

Ssite+ELpsite +ELψ. 14581.5 1100.8 0.0 0.0 9 14563.4 

SELpsite +ELψ. 15077.2 1596.5 0.0 0.0 7 15067.1 

S.psite +ELψ. 15079.2 1598.5 0.0 0.0 6 15067.1 

SELpsiteψ. 15094.0 1613.3 0.0 0.0 6 15081.9 

Ssite+ELp.ψ. 17937.3 4456.6 0.0 0.0 6 17925.3 

Ssitep.ψ. 17939.2 4458.5 0.0 0.0 5 17929.2 

SELpELψ. 17948.8 4468.1 0.0 0.0 5 17938.8 

S.pELψ. 17949.6 4468.9 0.0 0.0 4 17941.6 

S.p.ψ. 17957.1 4476.4 0.0 0.0 3 17951.1 

SELp.ψ. 17957.2 4476.5 0.0 0.0 4 17949.2 

Ssite+ELpELψ. 18109.7 4629.0 0.0 0.0 7 18097.7 

SsitepELψ. 18453.1 4972.4 0.0 0.0 6 18445.1 
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Table 2. Model selection table from the analysis of Grass Pickerel movement with spatial, temporal, or phenotypic covariates in 2009.  
Models are ranked in ascending order according to ΔAICc.  In the model column, S denotes the probability of survival, p the 
probability of detection, and ψ  the probability of moving between sites.  The parameter constraints are given in subscripts:  
. = constant; EL = early and late season; site = site differences; dist = distance between sites; temp = average daily temperature across 
all sites; cf = condition factor; w = log10(total weight); tl = log10(total length); + indicates an additive effect and * an interaction. 

Model AICc ΔAICc AICc Weights Model Likelihood # of Parameters Deviance 
Spatial covariates       

Ssitepsite+ELψsite*dist 12449.9 0.0 1.0 1.0 13 12429.8 

Ssitepsite+ELψsite+dist 12813.3 363.4 0.0 0.0 11 12791.2 

Ssitepsite+ELψsite 12915.0 465.2 0.0 0.0 13 12901.0 

Ssitepsite+ELψdist  13436.4 986.6 0.0 0.0 8 13420.4 

Ssitepsite+ELψ. 13480.7 1030.8 0.0 0.0 8 13466.7 

Temporal covariates       
Ssitepsite+ELψsite+EL 12624.1 0.0 1.0 1.0 14 12606.0 

Ssitepsite+ELψsite*EL 13264.6 640.5 0.0 0.0 17 13240.5 

Ssitepsite+ELψtemp  13419.2 795.1 0.0 0.0 9 13415.2 

Ssitepsite+ELψEL  13453.1 829.0 0.0 0.0 9 13449.1 

Ssitepsite+ELψ. 13480.7 856.6 0.0 0.0 8 13466.7 

Phenotypic covariates       
Ssitepsite+ELψcf  13465.3 0.0 0.7 1.0 9 13449.3 

Ssitepsite+ELψtl+w  13467.3 2.0 0.3 0.4 10 13449.3 

Ssitepsite+ELψw  13475.6 10.2 0.004 0.006 9 13459.5 

Ssitepsite+ELψtl  13482.7 17.4 0.0001 0.0002 9 13466.7 
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Table 3. Model selection table from the analysis of Grass Pickerel movement with the top spatial, temporal and phenotypic models in 
2009.  Models are ranked in ascending order according to ΔAICc.  In the model column, S denotes the probability of survival, p the 
probability of detection, and ψ  the probability of moving between sites.  The parameter constraints are given in subscripts:  
. = constant; EL = early and late season; site = site differences; dist = distance between sites; cf = condition factor; + indicates an 
additive effect and * an interaction. 

Model AICc ΔAICc 
AICc 

Weights 
Model 

Likelihood 
# of 

Parameters Deviance 

Ssitepsite+ELψsite+EL+cf 12261.8 0.0 0.903 1.02 11 12239.7 

Ssitepsite+ELψsite*dist+cf 12266.2 4.4 0.0973 0.12 14 12242.1 

Ssitepsite+ELψsite+EL 12286.4 24.6 0.0 0.0 14 12264.3 

Ssitepsite+ELψsite*dist+EL 12292.8 31.0 0.0 0.0 14 12264.4 

Ssitepsite+ELψsite*dist  12449.9 188.1 0.0 0.0 13 12429.8 

Ssitepsite+ELψcf  13465.3 1203.5 0.0 0.0 9 13449.3 

Ssitepsite+ELψ. 13480.7 1218.9 0.0 0.0 8 13466.7 
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Table 4. Model selection table from the analysis of Grass Pickerel survival and detection rates in 2010.  Models are ranked in 
ascending order according to ΔAICc. In the model column, S denotes probability of survival, p the probability of detection, and ψ  the 
probability of moving between sites.  The parameter constraints are given in subscripts: . = constant; EL = early and late season;  
site = site differences; + indicates an additive effect. 

Model AICc ΔAICc 
AICc 

Weights 
Model 

Likelihood 
# of 

Parameters Deviance 

S.psiteψ. 43593.3 0.0 1.0 1.0 5 43583.3 

Ssite+ELpsite+ELψ. 43646.2 52.9 0.0 0.0 9 43630.2 

Ssitepsite+ELψ. 43741.3 147.9 0.0 0.0 8 43727.2 

Ssitepsiteψ. 43775.0 181.6 0.0 0.0 7 43763.0 

SELpsite+ELψ. 45086.8 1493.5 0.0 0.0 7 45074.8 

Ssite+ELpsiteψ. 45096.1 1502.7 0.0 0.0 8 45082.1 

SELpsiteψ. 45097.6 1504.3 0.0 0.0 6 45087.6 

S.psite+ELψ. 46853.8 3260.5 0.0 0.0 6 46841.8 

S.pELψ. 50000.8 6407.5 0.0 0.0 4 49992.8 

S.p.ψ. 50233.0 6639.7 0.0 0.0 3 50227.0 

Ssite+ELp.ψ. 51166.0 7572.7 0.0 0.0 6 51156.0 

SsitepELψ. 51788.7 8195.3 0.0 0.0 6 51780.7 

Ssite+ELpELψ. 51798.6 8205.3 0.0 0.0 7 51786.6 
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Table 5. Model selection table from the analysis of Grass Pickerel movement with spatial, temporal or phenotypic covariates in 2010.  
Models are ranked in ascending order according to ΔAICc.  In the model column, S denotes the probability of survival, p the 
probability of detection, and ψ  the probability of moving between sites.  The parameter constraints are given in subscripts:  
. = constant; EL = early and late season; site = site differences; dist = distance between sites; temp = average daily temperature across 
all sites; cf = condition factor; w = log10(total weight); tl = log10(total length); + indicates an additive effect and * an interaction. 

Model AICc ΔAICc AICc Weights Model Likelihood # of Parameters Deviance 
Spatial covariates 

S.psiteψsite*dist 

 

42146.5 

 

0.0 

 

1.0 

 

1.0 

 

10 

 

42126.5 

S.psiteψsite+dist 43349.1 1202.6 0.0 0.0 8 43333.1 

S.psiteψdist 43357.5 1211.0 0.0 0.0 6 43345.5 

S.psiteψ. 43593.3 1446.8 0.0 0.0 5 43583.3 

S.psiteψsite 49300.1 7153.6 0.0 0.0 7 49286.1 

Temporal covariates       

S.psiteψsite*EL 42075.8 0.0 1.0 1.0 14 42053.7 

S.psiteψ. 43593.3 1517.6 0.0 0.0 5 43583.3 

S.psiteψtemp 43595.1 1519.4 0.0 0.0 6 43583.1 

S.psiteψsite+EL 46366.8 4291.0 0.0 0.0 11 46352.8 

S.psiteψEL 46819.9 4744.1 0.0 0.0 6 46809.8 

Phenotypic covariates       

S.psiteψtl+w 43589.6 0.0 0.5 1.0 7 43575.6 

S.psiteψtl 43590.3 0.7 0.3 0.7 6 43578.3 

S.psiteψ. 43593.3 3.8 0.08 0.2 5 43583.3 

S.psiteψw 43593.8 4.3 0.06 0.1 6 43581.8 

S.psiteψcf 46929.2 3339.6 0.0 0.0 6 46917.2 
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Table 6. Model selection table from the analysis of Grass Pickerel movement with the 
top spatial, temporal and phenotypic models in 2010.  Models are ranked in ascending 
order according to ΔAICc.  In the model column, S denotes the probability of survival, p 
the probability of detection, and ψ  the probability of moving between sites.  The 
parameter constraints are given in subscripts: . = constant; EL = early and late season; 
site = site differences; dist = distance between sites; w = log10(total weight);  
tl = log10(total length); + indicates an additive effect and * an interaction. 

Model AICc ΔAICc 
AICc 

Weights 
Model 

Likelihood 
# of 

Parameters Deviance 

S.psiteψsite*EL+tl+w  42068.0 0.0 0.9 1.0 14 42040.0 

S.psiteψsite*EL  42073.3 5.3 0.07 0.07 16 42049.2 

S.psiteψsite*distance*EL+tl+w  42104.0 35.9 0.0 0.0 15 42073.9 

S.psiteψsite*distance*EL  42109.5 41.5 0.0 0.0 13 42083.5 

S.psiteψsite*distance+tl+w  42140.2 72.2 0.0 0.0 12 42116.2 

S.psiteψsite*distance  42146.5 78.5 0.0 0.0 10 42126.5 

S.psiteψtl+w  43589.6 1521.6 0.0 0.0 7 43575.6 

S.psiteψ.  43593.3 1525.3 0.0 0.0 5 43583.3 

 



 

  39 

Table 7. Real function parameters of the top overall model of 2009, Ssitepsite+ELψsite+EL+cf, 
where in the parameter column S denotes the probability of survival, p the probability of 
detection, and ψ the probability of moving between sites.  The parameter constraints are 
given in subscripts: Stv = Stevensville antenna station; MF = Montasola Farms antenna 
station; and Bow = Bowen antenna station. 

Parameter Estimate Standard Error 

SStv 1.0 0.2X10-4 

SMF 0.99 0.83-3 
SBow 0.96 0.0067 

Early Season   
pStv 0.92 0.015 
pMF 0.0031 0.47-3 
pBow 0.78 0.016 
ψStv to MF 0.26 0.014 
ψStv to Bow 0.48X10-37 0.15X10-40 
ψMF to Stv 0.021 0.0014 
ψMF to Bow 0.013 0.0011 
ψBow to Stv 0.15X10-11 0.00 
ψBow to MF 0.15 0.011 

Late Season   
pStv 0.91 0.013 
pMF 0.0026 0.53X10-3 
pBow 0.75 0.041 
ψStv to MF 0.21 0.013 
ψStv to Bow 0.38X10-37 0.12X10-40 
ψMF to Stv 0.017 0.0014 
ψMF to Bow 0.011 0.0010 
ψBow to Stv 0.12X10-11 0.00 
ψBow to MF 0.12 0.013 
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Table 8. Real function parameters of the top overall model of 2010, S.psiteψsite*EL+tl+w, 
where in the parameter column S denotes the probability of survival, p the probability of 
detection, and ψ the probability of moving between sites.  The parameter constraints are 
given in subscripts: . = constant; Stv = Stevensville antenna station; MF = Montasola 
Farms antenna station; and Bow = Bowen antenna station. 

Parameter Estimate Standard Error 

S. 0.99 0.62X10-3 
pStv 0.763 0.0081 
pMF 0.021 0.0011 
pBow 0.72 0.0076 

Early Season   
ψStv to MF 0.057 0.0041 
ψStv to Bow 0.64 X10-8 0.81X10-10 
ψMF to Stv 0.026 0.0020 
ψMF to Bow 0.045 0.0027 
ψBow to Stv 0.18 X10-9 0.00 
ψBow to MF 0.073 0.0043 

Late Season   
ψStv to MF 0.080 0.0059 
ψStv to Bow 0.13 X10-5 0.25X10-5 
ψMF to Stv 0.037 0.0026 
ψMF to Bow 0.025 0.0022 
ψBow to Stv 0.26 X10-9 0.00 
ψBow to MF 0.10 0.0091 
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Figures 

 

Figure 1. Study area on Beaver Creek near Fort Erie, ON.  Tagging was conducted at all 
11 sites marked. The three red markers with dots represent sites with antenna stations. 
The inset shows the location of Beaver Creek in Southern Ontario. 
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Figure 2. Schematic layout of an antenna station.  Red circles represent T-bars.  The 
cables lying across the creek bed are welding cable and the cables connecting the tuner 
boxes to the multiplexer are coaxial cable. 
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Figure 3. Number of detections (A, C) and long distance movements (B, D) of Grass 
Pickerel by Julian Date in Beaver Creek, Fort Erie, ON in 2009 (A, B) and 2010 (C, D). 
Data have been aggregated across antenna stations. The dotted line marks Julian day 250, 
the separation between the early and late season in the temporal models.  
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Figure 4. Average daily water temperature (°C) in Beaver Creek in 2009 (A) and 2010 
(B).  Vertical lines indicate when the antenna stations were operational in each year. 
Horizontal lines indicate key water temperatures for spawning (7.2-11.7°C, dotted line in 
purple) and overwintering (4°C, dashed line in blue). 
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