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ABSTRACT 

TOWARD SELECTIVE FISH PASSAGE AT IN-STREAM BARRIERS: ASSESSING 

SELF-SORTING OF INVASIVE SEA LAMPREY FROM DESIRABLE FISHES IN 

GREAT LAKES FISHWAYS  

McLean Smith 

University of Guelph, 2022 

Advisor: Dr. Robert L. McLaughlin 

In the Laurentian Great Lakes, anthropogenic barriers in tributaries can deny 

invasive sea lamprey (Petromyzon marinus) access to spawning habitat, but also deny 

desirable fishes access to important river habitats (the connectivity conundrum). 

Management options that selectively pass desirable fishes at a barrier while blocking 

sea lamprey could resolve the conundrum, but require effective sorting of fishes. My 

aims were to evaluate the effectiveness of passive, size-based sorting used to separate 

sea lamprey from other fishes in three Great Lakes fishways and to identify 

environmental conditions when passive sorting was most effective. My evaluation 

exploited 8-19 years of historical data for the fishways. The effectiveness of passive 

sorting was low (29%) compared to manual trapping-and-sorting, and to industrial 

separation processes, due to poor separation of small desirable fishes from sea 

lamprey, regardless of environmental conditions. Improving selective passage of fishes 

will likely require the integration of multiple sorting mechanisms.  
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Toward Selective Fish Passage at In-stream Barriers: 
Assessing Self-Sorting of Invasive Sea Lamprey from 

Desirable Fishes in Great Lakes Fishways 

1 Introduction 

Fisheries have been utilized globally to various extents for millennia (Rick and 

Erlandson 2008), and managed in a more modern context for centuries (Anderson 

1998). The management of fisheries refers to the balancing of biological, ecological, 

social, economic, and political factors in relation to fishes (Defeo et al. 2007; Pascoe et 

al. 2009; Olver et al. 2011). Managing fisheries is a diverse field with a myriad of 

challenges depending on location and context (Tweddle et al. 2015; Cross 2016; 

Siddons et al. 2017). These differing challenges have led to multiple strategies to 

address them (Johannes 2003; Rahel 2013; Hagan and Henry 2015; Kraft et al. 2019; 

Hubert et al. 2021). 

Tensions arising over differing management strategies demand improved tools for 

better fisheries management (Katopodis 2005; Keefer et al. 2013). When managing for 

maximized yield and ecosystem sustainability, fishery managers typically strive for 

improved biodiversity and productivity within the fisheries they manage (Pascoe et al. 

2009). However, there are multiple means by which this can be achieved, which can at 

times appear contradictory. These apparently contradictory methods can create tension 

among fishery managers ultimately seeking the same end goal (Rahel and McLaughlin, 

2018). One such contradictory situation is the “connectivity conundrum” (Rahel 2013; 

Mclaughlin et al. 2013). In this situation, managers may seek to increase access to 

foraging and breeding habitat through the removal of instream barriers, increasing 

connectivity within aquatic systems as a way to benefit the production and diversity of 

native and desirable non-native fishes (Jungwirth et al. 1998; Bunt et al. 2012; Noonan 

et al. 2012; Neeson et al. 2015). Conversely, managers may attempt to support the 

production and diversity of native and desirable non-native fishes by blocking invasive 

(detrimental non-native) species from accessing key habitat, resulting in decreased 

numbers of those detrimental species, but potentially reducing connectivity for all fishes 

(Schilt 2007; Fausch et al. 2009; Rahel 2013; McLaughlin et al. 2013). One way to 

navigate the connectivity conundrum and support desirable fishes is to both increase 

connectivity to desirable fishes, and exclude invasive species, however this requires 

new and improved management tools. 

Selective fish passage could provide such a tool to navigate the connectivity 

conundrum (McLaughlin et al. 2013; Rahel and McLaughlin, 2018). Selective fish 

passage is the separation of fishes deemed desirable and undesirable, with desirable 

fishes passed upstream and undesirable fishes blocked (Rahel and McLaughlin 2018). 

Selective fish passage would improve efforts to increase production and species 

diversity within stream systems by allowing desirable fishes increased access to crucial 
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habitat (Schlosser 1982, 1990; Northcote, 1997), while excluding undesirable fishes, 

such as invasive fishes (Rahel and McLaughlin 2018). This exclusion of invasive fishes 

from key breeding habitat helps to manage invasive fishes by limiting individuals to 

breed in habitats less conducive to high breeding success (Rahel and McLaughlin 2018) 

and limiting the extent of habitat requiring pesticide treatment (Lavis et al. 2003; 

McLaughlin et al. 2007). Selective fish passage is likely to be challenging to achieve, 

because it will require sorting of fishes quickly in the field. Some existing fishways are 

designed to be capable of selective fish passage (Rahel and McLaughlin 2018). These 

fishways are often effective at separating desirable and undesirable species but 

inefficient for expended effort in terms of physical labour and personnel-hours required 

for operation (Rahel and McLaughlin 2018). Alternatively, some existing fishways are 

not designed with selective fish passage in mind, and are therefore unable to, or less 

effective at, passing some species. The fishways designed without the express 

consideration of selective fish passage results in the reduction of their effectiveness at 

separating desirable and undesirable species (Katopodis 1992; Baumgartner et al. 

2018). Currently, the best available methods of selective fish passage are trap-and-sort 

fishways (Rahel and McLaughlin 2018). Trap-and-sort fishways are effective because 

they require trained individuals to sort fishes manually after the fishes become trapped 

in the fishway. However, while trap-and-sort fishways are highly effective at sorting 

fishes, they are costly in terms of time and money, particularly when high volumes of 

fishes result in high sorting demands (Barrett and Mallen-Cooper 2006; McLaughlin et 

al. 2013). The development of passive sorting mechanisms is needed, but just 

beginning to get underway. 

Passive sorting could provide the refinement in effectiveness needed to alleviate the 

connectivity conundrum. Passive sorting refers to the exploitation of inherent differing 

characteristics of two groups of organisms to encourage them to sort themselves 

without the need for people to actively separate those two groups (Rahel and 

McLaughlin 2018). For example, if there were two groups of fish, and one prefers the 

upper part of the water column while the other prefers the bottom, then placing a 

horizontal divider in the water column could separate one species from the other. This 

‘self-sorting” can reduce costs to managers. Thus far, there has been tentative support 

for selective fish passage options (Stuart et al. 2006; Silva et al. 2017; Rahel and 

McLaughlin 2018), but support could be greater with increased understanding of the 

potential of selective fish passage (Bobrowicz 2010; Rahel and McLaughlin 2018), 

including passive sorting. Current passive sorting efforts include traps designed to 

separate jumping fishes like common carp (Cyprinus carpio) (Stuart et al. 2006), eel 

ladder style traps (Bunt et al. 2012), and size-based passive sorting. In size-based 

passive sorting, funnels are installed in fishways to restrict fishway access to individuals 

small enough to pass through the funnel(s), thereby sorting fish species by size. My 

aims in this thesis were to evaluate the effectiveness of this size-based method for 

sorting invasive sea lamprey (Petromyzon marinus) from desirable (non-sea lamprey) 

fishes in the Laurentian Great Lakes and to identify environmental conditions when the 

sorting of sea lamprey (Petromyzon marinus) and desirable fishes may be high. 
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The control of sea lamprey within the Laurentian Great Lakes offers an opportunity 

to evaluate the effectiveness of passive sorting. Sea lamprey are an invasive aquatic 

species in the Laurentian Great Lakes (Smith and Tibbles 1980; Christie and Goddard 

2003). Sea lamprey are harmful to desirable fishes throughout the basin with ecological, 

economic, and social implications (“Great Lakes Fishery Commission - Sea Lamprey” 

2018; “Great Lakes Fishery Commission - What is at Risk?” 2018). Sea lamprey are 

currently controlled with a combination of in-stream barriers and chemical lampricide 

(“Great Lakes Fishery Commission- Sea Lamprey Control in the Great Lakes” 2021). 

The use of barriers is critical to sea lamprey control as they limit the area of tributaries 

sea lamprey can access. Lampricides kill larval sea lamprey in the accessible stream 

areas. (Lavis et al. 2003; McLaughlin et al. 2007; “Great Lakes Fishery Commission - 

Sea Lamprey” 2018; “Great Lakes Fishery Commission- Sea Lamprey Control in the 

Great Lakes” 2021). However, these barriers also block desirable fishes from accessing 

vital habitat (Fahrig 1997; Jungwirth et al. 1998; Porto et al. 1999; Cooney and Kwak 

2013), including breeding habitat (Pratt et al. 2009).  

Two-chambered fishways installed at barriers in three Great Lakes streams offer a 

system to evaluate the effectiveness of passive sorting as a tool to alleviate the 

connectivity conundrum. Two-chambered fishways (Fig. 1, 2) have two consecutive 

compartments within a larger fishway that can operate as trap chambers and allow for 

the manipulation and restriction of fish movement within the fishway between the 

chambers. These fishways have funnels installed at the entrance to each of the trap 

chambers that allow the upstream movement of fishes trapped within the fishway that 

can fit through the funnel(s), while retaining trapped fishes in the trap chambers of the 

fishway. Individual fish enter the downstream end of the fishway seeking to pass an 

instream barrier, typically during a period of spawning migration, and become trapped 

within the fishway as they attempt to move upstream. These fishways allow me to 

assess the effectiveness of size-based passive sorting without risking the current 

exclusion of invasive species. In these fishways, the sorting objective is to encourage all 

fishes and sea lamprey to enter the fishway through a large (12-30 cm) diameter funnel 

as they attempt to circumvent the instream barrier. Here all fishes, including sea 

lamprey, would be trapped in the downstream fishway chamber. Then the smaller-

diameter sea lamprey can pass through a subsequent, smaller (5cm) funnel and 

become trapped in the upstream chamber (Fig. 1). The ideal sorting outcome would be 

for all sea lamprey to be trapped in the upstream trap chamber, with all desirable fishes 

trapped in the downstream chamber. Desirable fishes are then released upstream of the 

barrier while sea lamprey are taken to holding facilities or euthanized stream side. This 

final passage step is currently done manually by trained technicians. Desirable fishes 

are released by hand upstream of the barrier, while sea lamprey are removed. The 

effectiveness of this size-based sorting can be measured by how well the sea lamprey 

and desirable fish sort themselves within the fishway. 

The effectiveness of sorting in these fishways can be quantified using a two-stage 

separation model (Wolf et al. 2010; Zielinski et al. 2020). This model envisions a mixture 
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of target (𝑇) and non-target (𝑁) materials being input into a separation process creating 

two output pathways: an output pathway comprised of proportionately higher amounts 

of target material than in the input pathway and an output pathway comprised of 

proportionately more non-target material than in the input pathway (Fig. 3). The process 

can be modeled as the inputted materials (𝑇 +  𝑁), where 𝑇 represents a target material 

and 𝑁 represents nontarget materials, being separated into the contents of the target 

output pathway (𝑟𝑇 + (1 − 𝑞)𝑁) and the materials of the non-target output pathway 

((1 − 𝑟)𝑇 + 𝑞𝑁), where 𝑟 represents the rate of recovery of target material in the target 

output pathway and q represents the recovery of non-target material in the non-target 

output pathway. Values of 𝑟 and 𝑞 can range from 0 to 1. To be a separation process, 

𝑟 + 𝑞 > 1. Complete separation occurs when 𝑟 and 𝑞 both equal 1. 

I addressed my aims by answering three questions: (1) how effective is size based 

passive sorting in the two-chambered fishways? (2) where does any ineffectiveness in 

passive sorting occur, e.g., with the sorting of sea lamprey or the sorting of desirable 

fishes? and (3) are there environmental conditions when nightly sorting of sea lamprey 

and desirable fishes is high? To answer the first question, I quantified the values of  𝑟 

and 𝑞 achieved in size-selective passive sorting (on an annual basis) and compared 

these values to values achieved by two standards of sorting: current trap-and-sort 

operation and a meta-analysis of the sorting achieved by industrial separation 

processes (Wolf et al. 2010). Current trap-and-sort fishway operations were assumed to 

have 𝑟 and 𝑞 values of 1 due to the intensive manual sorting where every fish caught 

was sorted by trained technicians. I compared size-selective passive sorting to these 

two standards because trap-and-sort operations represent the best sorting possible in a 

biological context and the industrial sorting represents the degree of sorting routinely 

achieved for inanimate materials. To answer the second question, I used the values of 𝑟 

and 𝑞 to infer if sea lamprey sorting is poor due to sea lamprey remaining in the lower 

fishway chamber or to smaller desirable fishes moving into the upstream fishway 

chamber. To answer the third question, I examined if day-to-day variation in the sorting 

of sea lamprey and desirable fishes could be predicted statistically from daily variation 

in the water temperature, water level (as a proxy for discharge), and water clarity at the 

fishway locations. Answering these questions allowed me to quantitatively evaluate the 

effectiveness of size-based passive sorting being achieved the two-chambered fishways 

and to identify environmental conditions when sorting of sea lamprey and desirable 

fishes tends to be high.  

2 Methods 

2.1 Fishway operation and data collection 

Data used in this study were obtained from Fisheries and Oceans Canada’s Sea 

Lamprey Control Centre in Sault Ste. Marine, ON. Data were available for trap-and-sort 

fishways on three Great Lakes tributaries: Big Carp River (Lake Superior basin), Big 

Creek (Lake Erie basin), and Cobourg Brook (Lake Ontario basin) (Fig. 4). A sea 
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lamprey barrier and fishway were constructed for sea lamprey control on each of these 

tributaries. Data from these fishways were analyzed because the fishways were 

explicitly designed for selective fish passage and have a similar two-chambered design. 

They are the only trap-and-sort fishways specifically designed to passively separate 

desirable fishes and sea lamprey prior to manual sorting available within the Great 

Lakes basin. They are operated similarly, and the Sea Lamprey Control Centre has 

collected extensive records of nightly catches and day-to-day environmental conditions 

over many years of operation (Table 1). The fishways are operated during the period 

when maturing sea lamprey migrate from the lakes into tributaries to spawn, roughly 

from late March to early July, with exact dates depending on location and year. These 

fishways are also located on watersheds of coarsely similar drainage area (53 to 483 

km2) and stream widths at the barrier (14.5 to 17.2 m) and have similar fishway lengths 

(4.3 to 8.5 m), fishway widths (1 to 1.8 m), and trap chamber dimensions (Table 2). 

The data sets for each location included information on (i) the sample year, (ii) 

date, (iii) time the fishway was emptied (typically 0900 – 1030 h), (iv) the numbers of 

individuals of a given taxa caught and, for some taxa, the numbers by size class, sex, or 

life stage, by fishway chamber, and (v) the water temperature, level, and water clarity at 

the time the fishway was emptied. At the time of emptying, water temperature was 

recorded daily to the nearest half oC just upstream of the fishway. Water levels were 

recorded using staff gauges mounted to the side of the fishway above and below the 

barrier. Water clarity was measured ordinally as the stream bottom visible at a depth of 

more than 1 m (clear), visibility of 0.3-1.0 m depth (partially turbid), and visibility less 

than 0.3 m (turbid). 

  

2.2 Data preparation 

I took four steps to prepare the data from each fishway for analysis. First, I 

screened the taxonomic information in the data sets and removed records for taxa other 

than fish (crustaceans, amphibians, reptiles, and mammals) that had been caught in the 

fishway, corrected any misspellings of fish species names, and aggregated data records 

for the same species that were broken out by size class (small vs. large), sex (male, 

female), or life stage (juvenile, adult) of the same species. Second, I screened for 

possible entry errors by examining the ranges of values for catches and environmental 

variables, and by using bivariate regressions of environmental variables. Possible 

outliers were identified and checked against original data by personnel at the Sea 

Lamprey Control Centre. Third, I eliminated dates when a fishway was not operated as 

a two-chamber separation process. In some years, spawning runs of certain species, 

such as white sucker (Catostomus commersonii), were large enough that the fishways 

were operated as a single trap chamber (1132 of 7592 daily records for Big Carp River, 

42 of 5131 records for Big Creek, and 50 of 11207 records for Cobourg Brook). Fourth, 

for my analysis of nightly sorting in relation to environmental conditions, I also 
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eliminated records for dates when more than one sorting event occurred during the day 

(one day for Big Carp River) and records for dates when environmental variables had 

not been recorded (139 records for Big Carp River, 357 records for Big Creek, and 215 

records for Cobourg Brook). 

2.3 Data analysis 

I analyzed the fishway data using a two-stage separation model developed for 

separation processes in industry (Gutowski et al. 2007; Wolf et al. 2010). This model 

allowed me to quantify the separation parameters (𝑟 and 𝑞) that describe the successful 

sorting of target material (T) and nontarget material (N) respectively. For such a 

process, r = Ttarget output pathway/Tinput pathway for target material and q = Nnon-target output pathway 

/Ninput pathway for non-target material. The fish entering the fishway represent the input 

pathway comprised of desirable fish (target material) and sea lamprey (non-target 

material) and the catches from the downstream and upstream chambers represent the 

target and non-target output pathways, respectively. Therefore, 𝑟 represents the 

proportion of desirable fish recovered in the downstream chamber and 𝑞 the proportion 

of sea lamprey in the upstream chamber. 

I addressed my research questions in three steps. First, I estimated the recovery 

proportion of desirable fish averaged over the entire year in the downstream chamber 

(𝑟) and the recovery of sea lamprey averaged over the entire year into the upstream 

chamber (𝑞). The effectiveness of passive, size-based sorting was assessed 

quantitatively by comparing these estimates statistically with the ideal values of 1 and 

qualitatively by visually comparing the values of 𝑟 and 𝑞 estimated for passive sorting of 

fish with values of 𝑟 and 𝑞 estimated for separation processes developed by industry for 

nonliving materials (question 1). Second, these same comparisons were used to identify 

the source of ineffectiveness in passive sorting (question 2). Third, I examined how 

nightly values of the recovery of desirable fish in the downstream chamber and recovery 

of sea lamprey into the upstream chamber varied with water temperature, level (gauge 

height), and clarity (question 3). 

For question 1, I estimated mean values of 𝑟 and 𝑞 averaged over the entire 

year, hereafter referred to as annual values. Separate analyses were conducted for 

each fishway, because the fishway locations differed in geographic location, surficial 

geology of the watershed, the species pool of fish inhabiting each watershed, and the 

ecological preferences of those species (e.g., cold-water vs. warm-water species). Each 

model assumed a binomial error distribution and year of operation was modeled as a 

random effect. The conditional modes for year of operation were used as estimates of 

mean 𝑟 and 𝑞. My quantitative assessment of effectiveness involved determining if the 

upper 95% confidence limits of the estimated mean values for 𝑟 and 𝑞 varied across 

years for each fishway overlapped the ideal value of 1. For my qualitative assessment 

of effectiveness, I plotted values of mean 𝑟 and mean 𝑞 for each year and visually 
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compared the distribution of points with the distributions of values of 𝑟 and 𝑞 from the 

meta-analysis of industry data. 

For question 2, I compared the values estimated for mean 𝑟 and mean 𝑞 with the 

values required for a separation process and my qualitative comparison of values 

between passive sorting of fish and separation processes in industry to infer where any 

inefficiencies might be occurring. High values of mean 𝑟, but low values of mean 𝑞 

indicate that sorting is ineffective, because many sea lamprey remain in the 

downstream chamber. Conversely, low values of mean 𝑟 and high values of mean 𝑞 

suggest that sorting ineffectiveness was due to desirable fish progressing forward into 

the upstream chamber. Low values of both 𝑟 and 𝑞 indicate both forms of 

ineffectiveness were occurring. 

For question 3, I used generalized linear mixed models to examine how nightly 

values of the recovery of desirable fish in the downstream chamber and of the recovery 

of sea lamprey into the upstream chamber varied with water temperature, level (gauge 

height), clarity (clear, partially turbid, and turbid) as fixed effects and year of operation 

as a random effect. For desirable fishes only, the log odds of catch from the previous 

day was also included as a fixed effect. As with question 1, separate analyses were 

conducted for each fishway location because of the differences in geographic location, 

surficial geology of the watershed, the species pool of fish inhabiting each watershed, 

and the ecological preferences of those species. Each model assumed a binomial error 

distribution. Linear and squared terms for water temperature were included because the 

seasonal catches of fishes in fishways and traps can vary non-linearly with increasing 

time-of-season and therefore temperature (Bunt et al. 2001; Binder et al. 2010; Dawson 

et al. 2017). Upstream gauge height was included to capture daily changes in water 

level and therefore river discharge. The upstream movement of some fishes is known to 

be stimulated by increasing discharge (Barton 1980; Bunt et al. 2001). Water clarity was 

included because it can influence movement upstream by affording cover from instream 

and aerial predators (Bunt et al. 2001) and the detection of light (Stamplecoskie et al. 

2012; Bravener and McLaughlin 2013). The term describing log odds of the previous 

day’s catch was included for desirable fishes and modeled as a random slope to 

eliminate a first-order temporal autocorrelation that was present in models that did not 

include this variable (Appendix A). For sea lamprey including log odds of the previous 

day’s catch was unnecessary because the data showed negligible temporal 

autocorrelation (Appendix B). Year of operation was included to accommodate potential 

year-to-year variation in the species and numbers of fish caught in the fishways and in 

the environmental variables. For each model, the statistical significance of any trend in 

sorting in relation to an environmental variable was tested using a standard z test. 

Some models exhibited overdispersion. In these cases, quasi-binomial z tests and 95% 

confidence limits were calculated by multiplying the standard error of each parameter by 

the square-root of the dispersion parameter (Zuur et al. 2009; Bolker et al., 2021). 

Trends of how 𝑟 and 𝑞varied with each environmental variable were visualized using 

partial regression plots.  
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All analyses were done in R (R Core Team, 2021) using the packages Misc. 

(Harrell et al., 2021), lme4 (Bates et al., 2015), MASS (Venables and Ripley, 2002). 

3 Results 

The annual recovery of desirable fish in the downstream chamber was low and 

similar in magnitude across fishway locations (Fig. 5). Mean 𝑟 for all locations combined 

was 0.29 (95% CL: 0.24-0.35), ranging from 0.21 (95% CL: 0.17-0.27) for the Big Creek 

fishway over 8 years, 0.25 on average (95% CL: 0.16-0.35) for the Big Carp River 

fishway over 17 years, to 0.28 (95% CL: 0.23-0.34) for Cobourg Brook over 19 years 

(Table 3). Across years within a study location, there was substantial annual variation in 

estimates of mean 𝑟 ranging from 0.12 to 0.35 for the Big Creek fishway to 0.06 to 0.63 

for the Big Carp River fishway (Table 3).  

 Conversely, recovery of sea lamprey into the upstream chamber was high (Fig. 

5), and less variable across fishway locations, and from year to year, than observed for 

desirable fish. Mean 𝑞 was 0.98 (95% CL: 0.96-0.99) across the study locations, 

ranging from 0.93 (95% CL: 0.86-0.96) over 8 years for the Big Creek fishway, 0.96 

(95% CL: 0.88-0.99) over 17 for the Big Carp River fishway, to 0.98 (95% CL: 0.97-

0.99) over 19 years for the Cobourg Brook fishway (Table 4). Estimates of mean 𝑞 also 

displayed year to year variation within study locations, ranging from 0.83 to 0.98 at the 

Big Carp River fishway to 0.83 to 0.99 for the Big Creek fishway (Table 4).  

 The annual estimates of mean 𝑟 and mean 𝑞 revealed that the effectiveness of 

passive sorting was low for all three fishways (Fig. 5). For each fishway, the upper 95% 

confidence limit for the mean 𝑟 averaged across years was well below the value of 1 

representing 100% recovery of desirable fishes in the downstream chamber (Table 3). 

Mean values of 𝑟 across years for each fishway were also at the very low end of 𝑟 

values observed for many industrial sorting processes (Fig. 5). The sorting of sea 

lamprey into the upstream fishway chamber was much more effective than that for 

desirable fishes. For each fishway, the upper 95% confidence limit for the mean 𝑞 

across years was very close to the value of 1. In addition, the annual values of mean 𝑞 

were consistent with many values estimated for 𝑞 in other industrial sorting processes 

(Fig. 5).    

  

The main source of ineffectiveness observed in passive sorting was due to small 

desirable fish moving from the downstream chamber into the upstream chamber with 

sea lamprey. This is supported by the consistently low values of 𝑟 across fishway 

locations (Fig. 5). At Big Carp River, the most common species of desirable fishes 

caught in the upstream chamber of the fishway were brown bullhead (Ameiurus 

nebulosus), common shiner (Luxilus cornutus), creek chub (Semotilus atromaculatus), 

logperch (Percina caprodes), rock bass (Ambloplites rupestris), and smaller juvenile 

stages of rainbow trout (Oncorhynchus mykiss) and white sucker (Catostomus 
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commersonii) (Table 7). At Big Creek, the most common desirable fishes caught in the 

upstream chamber of the fishway were bluegill (Lepomis macrochirus), brown bullhead, 

creek chub, pumpkinseed (Lepomis gibbosus), rock bass, yellow perch (Perca 

flavescens), and smaller sized white suckers (Table 7). At Cobourg Brook, the most 

common desirable fishes caught in the upstream chamber were common shiner, creek 

chub, longnose dace (Rhinichthys cataractae), mottled sculpin (Cottus bairdii), 

pumpkinseed (Lepomis gibbosus), and smaller rainbow trout and white sucker (Table 

6). A list of the most commonly caught species for each fishway irrespective of trap 

chamber can be found in Appendix C. Ineffectiveness in passive sorting arising from the 

occurrence of sea lamprey in the downstream chamber was much less common, but at 

each fishway location there were occasional years of relative lower sorting performance 

for sea lamprey (e.g., 2007 and 2012 at the Big Carp River fishway) (Fig. 5). In some 

years, these low annual estimates of 𝑞 were attributable to a single day of poor 

performance (e.g., May 24, 2007, at the Big Carp River fishway). 

 Relationships between metrics of sorting effectiveness, 𝑟 and 𝑞, on a nightly 

scale and measures of environmental conditions differed between desirable fishes and 

sea lamprey, and between fishway locations. For desirable fishes, relationships 

between nightly estimates of the recovery in the downstream chamber and water 

temperature were different for each fishway. After controlling statistically for variation in 

water level and clarity, values of 𝑟 at the Big Carp River and Cobourg Brook fishways 

were higher when water temperatures were lower than when water temperatures were 

higher (Table 5, Fig. 6a; Table 5, Figure 6c). Similarly, at the Big Creek fishway, values 

of 𝑟 were initially high when water temperature was low, lower for water temperatures of 

intermediate magnitude (approximately 15oC), but 𝑟 increased at the highest water 

temperatures (Table 5, Fig. 6b). Relationships between 𝑟 and gauge height upstream of 

the fishway also differed among fishway locations. After controlling statistically for water 

temperature and clarity, values of 𝑟 at the Big Carp River and Cobourg Brook fishways 

did not vary significantly with variation in water level (Table 5, Fig. 6d, f), whereas at the 

Big Creek fishway values of 𝑟 were higher when water levels were higher than when 

water levels were lower (Table 5, Fig. 6e). Finally, relationships between 𝑟 and water 

clarity also varied across fishways locations. After controlling statistically for water 

temperature and water level, values of 𝑟 at the Big Carp River and Cobourg Brook 

fishways tended to be higher on nights when water clarity was less clear than on nights 

when water was clearer (Table 5, Fig. 6a, c, d, f). Conversely, at the Big Creek fishway, 

values of 𝑟 tended to be lower on nights when water clarity was less clear than on 

nights when water clarity was clearer (Table 5, Fig. 6b, e). 

 Nightly estimates of the sorting of sea lamprey into the upstream chamber (𝑞) 

varied less in relation to water temperature, water level, and water clarity (Table 6, Fig. 

7). At the Big Carp River fishway, recovery of sea lamprey in the upstream chamber 

was tended to be higher on nights where the water was warmer (Table 6, Fig. 7a). At 

the Cobourg Brook fishway, recovery of sea lamprey in the upstream chamber tended 
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to be higher on nights where the water was partially clear, than on nights when the 

water was clear and nights when the water was turbid (Table 6, Fig. 7c, f).  

4 Discussion 

My study supports three main conclusions. First, the effectiveness of passive 

sorting of sea lamprey from desirable fishes in the fishways is low. Annual estimates of 

the recovery of desirable fishes in the downstream chamber of the fishways were much 

less than 100% and generally much less than estimates of 𝑟 achieved in other industrial 

sorting processes. Second, the main source of ineffectiveness is due to small desirable 

fishes moving from the downstream chamber through the smaller funnel opening into 

the upstream chamber. Instances of sea lamprey remaining in the downstream chamber 

occurred but were rare. Third, for desirable fishes, the nightly rates of sorting 

effectiveness were related to environmental conditions; however, the direction and 

magnitude of the patterns observed varied across fishway locations. Conversely, nightly 

sorting of sea lamprey was typically effective irrespective of environmental conditions. 

 My assessment of the current effectiveness of passive, size-based sorting of sea 

lamprey from desirable fishes in the two-chambered fishways is timely and needed. 

Recent reviews have emphasized that the connectivity conundrum is occurring globally, 

although more frequently in North America than in other parts of the world (Rahel 2013; 

McLaughlin et al. 2013; Jones et al. 2021). Selective fish passage has been proposed 

as a solution to the connectivity conundrum (McLaughlin et al., 2013; Rahel and 

McLaughlin 2018; Zielinski et al., 2020). Presently, manual trap-and-sort and trap-and-

transport approaches are the only effective options for separating species efficiently, but 

these options are costly in terms of time and money, and not practical for many river 

systems. The exploration of potentially cheaper passive sorting options is just 

beginning. Thorough assessments of passive sorting methods in management contexts 

remain limited and are needed to identify new opportunities and achieve improved 

sorting effectiveness (Hatry et al. 2013; Jones et al. 2021).  

My study provides the first rigorous examination of the effectiveness of size-

based passive sorting in a management context. For these fishways in particular, there 

was concern that the effectiveness of size-based passive sorting was limited because 

small fishes were moving into the upper chamber, but until now the magnitude of that 

cause of ineffectiveness was unknown. Before this study, there was uncertainty 

regarding the effectiveness of sea lamprey sorting and my analyses have demonstrated 

that the effectiveness of sea lamprey passive sorting within the fishways is high. More 

importantly, we now have a much better understanding of the magnitude of 

improvement in passive sorting that is required to reach the highly effective sorting 

achieved via manual sorting. In the case of dealing with highly destructive and fecund 

sea lamprey, management objectives require near perfect sorting of sea lamprey (𝑞 =

1) (Jones et al. 2003, 2015; Dawson and Jones 2009; Miehls et al. 2020a). When 

considered in light of earlier studies examining single-factor sorting mechanisms, such 
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as reducing barrier height to allow passage of jumping species (Powers and Orsborn 

1985; Enders et al. 2009), using velocity as a species filter (McAuly, 1996; Castro-

Santos 2004, 2005; Haro et al. 2004), and operating barriers seasonally to allow 

passage of desirable fish outside of the sea lamprey migration (Vélez-Espino et al. 

2011; Zielinski et al. 2019), my study reinforces Zielinski et al.’s (2020) idea that passive 

sorting mechanisms will need to be combined to achieve the significant improvements 

in effectiveness because size-selective sorting is currently well below the effectiveness 

of trap-and-sort operations and the sorting achieved in industrial recycling. 

My finding that the low effectiveness of passive sorting is due to large numbers of 

small desirable fish moving into the upper chamber will help guide future research. This 

research will clearly need to focus on additional ways of passively separating small 

desirable fishes from sea lamprey. These additional sorting mechanisms could be 

achieved in at least two ways. The first way of achieving more efficient sorting would be 

the addition of mechanisms that retain small desirable fishes in the downstream trap 

chamber without impeding the upstream progress of sea lamprey. One such example 

could be the addition of artificial light in the downstream trap chamber of the fishway. 

Field research at sea lamprey traps has demonstrated that desirable fishes are 

attracted to lit traps, while sea lamprey are not (Stamplecoskie et al., 2012). A second 

way of achieving more efficient sorting could involve the introduction of additional 

sorting steps for the fish reaching the upstream chamber. For example, sea lamprey 

could be sorted further by adding an eel ladder-style trap that sea lamprey climb to exit 

the upstream chamber into a holding tank or chamber to be removed, but that small 

desirable fishes cannot climb (Hrodey 2014; Reinhardt and Hrodey 2019). These 

ladders work most efficiently when the trap chamber is small, but not all sea lamprey 

use the ladder (Miehls et al. 2020b; Hume et al. 2020). Another example would be the 

addition of a third chamber upstream with a funnel entrance that is small enough to 

prevent sea lamprey from entering the additional chamber, but large enough to allow 

passage of smaller desirable fish. Understanding the effectiveness of the different 

sorting mechanisms will be needed to compare the different ways of enhancing sorting 

and to plan how to combine and order new sorting processes to optimize sorting 

effectiveness. 

 The inconsistent relationships between stream conditions and the nightly sorting 

of desirable fishes across fishway locations suggests that opportunities to exploit 

seasonal windows of efficient sorting to automate fishway operations, and reduce the 

need for manual sorting, could be limited. Prior to this study, members of the sea 

lamprey control program in the Great Lakes had discussed the idea of automating 

fishway operation to reduce the need for direct manual sorting (Hrodey, 2014; Zielinski 

et al., 2019). One proposed method of automation was to install a fishway exit from the 

downstream trap chamber to upstream of the instream barrier that could be 

automatically opened when no sea lamprey were present in the fishway, or sea lamprey 

were perfectly sorted (Hrodey, 2014; Zielinski et al., 2019). One possible opportunity to 

utilize an automated system was going to be based on potential seasonal changes in 
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sorting effectiveness between sea lamprey and desirable fishes (Hrodey, 2014; Zielinski 

et al., 2019). Installing an automated system like the one just described could achieve a 

high level of selective passage approximating trap-and-sort, while reducing the time 

spent sorting fish from the downstream chamber by allowing desirable fishes caught in 

the fishway with no sea lamprey to exit the downstream trap chamber directly upstream 

of the barrier without waiting to be sorted by managers. In this proposed automated 

system, it was hoped that information on water temperature, level, and clarity could be 

used to identify when to start and stop automated operation. The most basic automation 

of fishway operations involves the use of inflatable barriers that can be lowered when 

sea lamprey are not migrating, allowing unrestricted access to desirable fishes (Zielinski 

et al., 2019). However, the period of spawning migration for many desirable fishes often 

overlaps with the sea lamprey spawning migration (Scott and Crossman 1973; Vélez-

Espino et al., 2011). This has led me to consider alternative ways that automation may 

be used in selective fish passage and seek seasonal opportunities of high sorting where 

automation may be useful as an alternative. Over the course of the migration run, 

individual sea lamprey undergo a transition from an active migratory state to a more 

sedentary spawning state (Applegate, 1950; Beamish, 1980). Early in the period of 

spawning migration, sea lamprey are known to be in the active migratory state, and 

therefore sorting of sea lamprey into the upstream trap chamber would likely be high as 

they are attracted to the water flow creating the possibility to automate release of fish in 

the downstream chamber with little risk of sea lamprey escapement. Later in the run, as 

lamprey start approaching spawning condition and exhaust energy reserves, sorting of 

sea lamprey into the upper chamber could become less efficient, increasing the risk of 

escapement if release from the lower chamber was automated. These seasonal 

changes ideally, would have created windows of opportunity where sorting was high 

that could be exploited. Alternatively, windows of opportunity may be present under 

particular environmental conditions that could be exploited on an opportunistic basis.  

These windows of opportunity would be even more attractive if sorting of desirable 

fishes was also high during these times.  

My analysis comparing sorting to environmental conditions aimed to determine if 

there were opportunities to minimize the costs associated with sorting desirable fishes 

from sea lamprey through automation. However, the analysis with environmental 

conditions suggests any automation designed around environmental conditions would 

need to be done on a case-by-case basis, rather than generalized; and that automation 

based on environmental conditions may possibly be unneeded because sea lamprey 

sorting was high (though not perfect) throughout out the season. The finding of 

inconsistent relationships between sorting and stream conditions means that these 

windows are either extremely limited or follow a more complex pattern that is not yet 

clear. In particular, the relationships between sea lamprey sorting and stream conditions 

indicate that the instances of ineffective sorting seem to be unrelated to the measured 

stream conditions, limiting my ability to anticipate nights with consistently high or low 

degrees of sorting.  
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As with any study, mine has limitations and acknowledging these can help 

ensure my findings are interpreted carefully and provide direction for further research. 

First, my analysis of desirable fishes involved aggregating catches for multiple species 

of desirable fish. This was done to parallel the two-stage separation process developed 

for recycling (Wolf et al. 2010), as well as simplify the initial analyses completed here. 

The catch data became sparse within and across years when broken out by species, 

limiting my ability to statistically evaluate how sorting changes with environmental 

conditions for less common species. While the funnels used to sort the fish into 

chambers were designed to target differences without explicit consideration of 

taxonomic affiliation, the effectiveness of size-selective sorting, and how it varies with 

environmental conditions, could vary in complex ways across species due to 

complexities in body shape (gibbose versus elongated), behaviour (motivation to 

migrate), and physiology (swimming capacity, temperature preferences) (Scott and 

Crossman 1973; Bunt 2001; Binder et al. 2010; Dawson et al. 2017; Pauli and Sih 2017; 

Tillotson and Quinn 2018; Rahel and McLaughlin 2018). Differences in species 

assemblages across the study tributaries could have also contributed to the variability in 

patterns detected between the effectiveness of nightly sorting and the environmental 

conditions at the fishway (Scott and Crossman 1973; Wang et al. 2011). More refined 

knowledge about the sorting of individual species would be valuable when the 

management goals for a watershed focus on the enhancing connectivity of specific 

species of recreational, conservation, or aesthetic value (Roscoe and Hinch 2010). 

Second, site-specific differences related to fishway operation may have also limited my 

ability to detect consistent relationships between nightly sorting and environmental 

conditions. For example, large numbers of white sucker (Catostomus commersonii) 

migrate into the Big Carp River each year. Because of their numbers and size, that 

fishway is operated as a single-chamber design early in the season (early April to late 

May), to avoid crowding mortality, and operated as a two-chambered fishway once 

numbers decline. This modification could have reduced the range of environmental 

conditions considered in my examination of nightly sorting and environmental 

conditions, and therefore limited my ability to detect trends with the environmental 

conditions at this fishway location (Aguinis et al. 2016). Alternatively, at Cobourg Brook 

the water intake into the fishway can get clogged by debris carried in the water column, 

limiting discharge through the fishway. In this instance, gauge height upstream may 

provide a good index of stream discharge, but not attraction flow into and water velocity 

within the fishway, which could have also hampered my effort to relate nightly sorting to 

upstream gauge height, and thus water level and discharge conditions in the river. 

Third, my analysis did not explore possible density dependent effects on nightly sorting. 

Conceptually, this was not examined in detail because water temperature and discharge 

are known correlates of catch (Binder et al. 2010; Dawson et al. 2017). Computationally 

this was not examined because 𝑟 and 𝑞 are calculated from total trap catch creating the 

possibility of a part-whole (spurious) correlation (Sokal and Rohlf, 2012), if total trap 

catch is added as an independent variable. Preliminary univariate analyses relating 

nightly 𝑟 and 𝑞 to total catch provided no consistent evidence for any part-whole 
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correlations. Finally, my study has not considered more complicated relationships 

between 𝑟 and 𝑞 and the environmental variables (e.g., random slopes, more complex 

non-linear relationships). Although more involved investigation could reveal more 

nuanced relationships between sorting effectiveness and environmental conditions, it 

was not pursued here because my analyses sought to identify straightforward, general 

patterns that managers might exploit to automate and optimize fishway operations. 

Despite these limitations, my study also has two important strengths. First, my 

study capitalizes on a unique and previously unanalyzed dataset that includes 44 

sample years of data collected across three fishways. This amount of data between and 

within years allowed me to assess the effectiveness of size-based sorting from multiple 

perspectives (annual, nightly), multiple watersheds with different physiography and fish 

assemblages, and with a degree of rigor that is unparalleled relative to other studies of 

selective sorting of fishes. Second, my study is the first to use the separation framework 

developed for separation processes in industry to characterize the sorting effectiveness 

of fish in selective fishways. This allowed me to evaluate the effectiveness of size-based 

sorting of fish in light of ideal values and in light of empirical values obtained for other 

industrial sorting mechanisms (Wolf et al., 2010). By doing so, my study provides an 

initial, empirical foundation for the development of multi-attribute sorting mechanisms 

responsible for the success of single-input pathway recycling (Zielinski et al. 2020b) and 

envisioned for achieving selective passage of fishes (Rahel and McLaughlin 2018; 

Zielinski et al. 2019; Zielinski and Freiburger 2020). 

 My study has set the stage for future research into passive sorting, size-based or 

otherwise, as well as selective fish passage. We now know that size-based passive 

sorting requires improvement, and that improvement needs to be targeted towards 

better sorting of desirable fishes. This improved sorting will likely require the addition of 

more sorting mechanisms or steps, involving factors other than water temperature, 

level, and clarity, because statistical relationships between the sorting parameters and 

these environmental features were inconsistent across sites and did not reveal seasonal 

operating windows when sorting effectiveness was higher than at other times. These 

findings provide insight that further research could benefit from exploring additional 

sorting steps or stimuli, rather than finding times when sorting is naturally high. With 

improvements to current operations, size-based passive sorting shows promise to allow 

effective sorting of desirable fishes and sea lamprey that is less costly in terms of time 

and labour for management agencies. Management agencies often navigate the difficult 

process of balancing the need to remove or exclude invasive species to reduce their 

harmful impact, while improving the production and biodiversity of desirable species by 

allowing access to key habitat areas. They seek a solution to the connectivity 

conundrum. Improved passive sorting could provide that solution.  
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Table 1. Summary of the historical catch and environmental data for three trap-and-sort 

fishways used in the Great Lakes basin to separate sea lamprey from other fish 

species. Catch and environmental criteria are presented as median (minimum – 

maximum), except for water clarity, which is measured ordinally as the stream bottom 

visible at a depth of more than 1 m (0), visibility of 0.3-1.0 m depth (1), and visibility less 

than 0.3 m (2) and is presented as mode (minimum – maximum). 

 Location 

Criterion Big Carp River Big Creek Cobourg Brook 

Years of data 17 8 19 

Range of years 2000 – 2003, 
2006 – 2018 

2011 – 2013,  
2015 – 2019  

 

2000 – 2018 

Nightly catch records per year 60 (40 – 89) 83 (61 – 96) 97 (78 – 120) 

Total number of desirable fish 

catch records 

1027 573 1842 

Total number of sea lamprey 

catch records 

152 297 895 

# of fish species caught 

Number of species per night 

 

 59 

5 (1 – 16) 

50 

5 (1 – 13) 

62 

4 (1 – 17) 

Nightly catches 

     Downstream chamber 

          non-target fish 

 

 

2 (0 – 485) 

 

 

7 (0 – 207) 

 

 

4 (0 – 1448) 

          Sea Lamprey 0 (0 – 6) 0 (0 – 140) 0 (0 – 26) 

  

     Upstream chamber 

          non-target fish 

 

 

19 (0 – 651) 

 

 

15 (0 – 844) 

 

 

17 (0 – 246) 

          Sea Lamprey 0 (0 – 8) 0 (0 – 519) 0 (0 – 43) 
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     Total 

          non-target fish 

 

 

26 (0 – 681) 

 

 

28 (0 – 894) 

 

 

23 (0 – 1473) 

          Sea Lamprey 

 

0 (0 – 8) 1 (0 – 659) 0 (0 – 43) 

Water temperature (oC) 

Upstream Gauge (m) 

Downstream Gauge (m) 

Clarity 

17 (1.8 – 29.4) 

0.69 (0.22 – 1.66) 

0.22 (0.01 – 0.9) 

1 (0 – 2) 

15 (3 – 25) 

1.84 (0.48 – 1.98) 

1 (0.06 – 1.98) 

2 (0 – 2) 

12 (0 – 27) 

1.16 (0.7 – 1.9) 

0.67 (0.2 – 1.59) 

0 (0 – 2) 
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Table 2. Watershed and fishway design characteristics for each fishway location. 

 Location 

 Big Carp River Big Creek Cobourg Brook 

Lake system Lake Superior Lake Erie Lake Ontario 

Drainage area 53 km2 483 km2 119 km2 

Stream width at barrier 17.2 m 16.4 m 14.5 m 

Type of Fishway Vertical slot Vertical slot Vertical slot 

Type of barrier Inflatable crest gate Concrete fixed crest Concrete fixed crest 

Drop at barrier 0.4 m variable Variable, average 0.5m 

Year of first operation 1995 1995 1996 

Fishway length 6.1 m 8.5 m 4.3 m 

Fishway width 1.2 m 1.8 m 1.0 m 

Upstream trap chamber 

length 

0.9 m 0.9 m 1.1 m 

Downstream trap chamber 

length 

 1.2 m 1.2 m 1.5 m 

 

 

  



31 
 

 
 

Table 3. Summary of annual estimates of the recovery of desirable fishes in the 

downstream fishway chamber (mean 𝑟) by fishway location. 

 Location  

 Big Carp River Big Creek Cobourg Brook All fishway locations  

Mean 𝑟 0.25 0.21 0.28 0.29 

 

Lower 95% CL 

Upper 95% CL 

0.16 

0.35 

0.17 

0.27 

 

0.23 

0.34 

0.24 

0.35 

Min 𝑟 0.06 0.12 0.09 0.12 

Max 𝑟  

No. of years 

 

 0.63 

17 

0.35 

8 

0.48 

19 

0.50 

44* 

 

 

*  44 sample years across the three fishway locations during concurrent operation between 
2000 and 2019 
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Table 4. Summary of annual estimates of the recovery of sea lamprey in the upstream 

fishway chamber (mean 𝑞) by location. 

 Location  

 Big Carp River Big Creek Cobourg Brook Combined Fishway locations 

Mean 𝑞 0.96 

 

0.93 

 

0.98 

 

0.98 

 

Lower 95% CL 

Upper 95% CL 

0.88 

0.99 

0.86 

0.96 

 

0.97 

0.99 

0.96 

0.99 

Min 𝑞 0.83 0.83 0.84 0.82 

Max 𝑞  

No. of years 

 

 0.98 

17 

0.99 

8 

0.996 

19 

0.995 

44* 

 

 

*  44 sample years across the three fishway locations during concurrent operation between 
2000 and 2019 
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Table 5. Parameter estimates, and their standard errors (SE’s) and p values, estimated 

for the recovery of desirable fishes in the downstream fishway chamber (𝑟) in relation to 

water temperature (linear and quadratic terms), height of the staff gauge upstream of 

the fishway entrance, water clarity (measured as clear, partially turbid, or completely 

turbid), and the log-odds of sorting achieved during the previous night. SE’s, z tests, 

and p values are from a quasi-binomial model. 

   

Big Carp River     

Random effects Variance SD   

year  0.23 0.48   

Log(𝑟) from previous 

night 

0.59 0.77   

Fixed effects Estimate SE z p 

Intercept -2.07 0.46 -4.54 <0.0001 

Water Temperature  -17.45 2.20 -7.92 <0.0001 

Water Temperature2 3.86 1.84 2.10 <0.04 

Upstream gauge 

height 

0.027 0.06 0.43 0.67 

Partial Turbidity 0.27 0.13 2.11 <0.04 

Complete Turbidity 0.51 0.15 3.52 <0.0005 

Log(𝑟) from previous 

night 

0.50 0.70 0.72 0.47 

     

Big Creek     

Random effects Variance SD   

year  0.32 0.57   

Log(𝑟) from previous 

night 

0.38 0.61   
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Fixed effects Estimate SE z p 

Intercept -0.55 0.68 -0.81 0.42 

Water Temperature  -10.36 2.16 -4.8 <0.0001 

Water Temperature2 10.38 1.82 5.71 <0.0001 

Upstream gauge 

height 

0.43 0.15 2.87 0.004 

Complete Turbidity -0.78 0.15 -5.36 <0.0001 

Log(𝑟) from previous 

night 

0.42 0.73 0.57 0.57 

     

Cobourg Brook     

Random effects Variance SD   

year  0.20 0.45   

Log(𝑟) from previous 

night 

0.18 0.42   

Fixed effects Estimate SE z p 

Intercept -1.2974 0.3569 -3.64 0.0003 

Water Temperature  -7.0902 1.7611 -4.03 <0.0001 

Water Temperature2 -2.8324 1.6409 -1.73 0.084 

Upstream gauge 

height 

0.0344 0.0462 0.74 0.46 

Partial Turbidity 0.3025 0.0959 3.15 0.002 

Complete Turbidity 1.1441 0.1014 11.28 <0.0001 

Log(𝑟) from previous 

night 

0.5005 0.3356 1.49 0.14 
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Table 6. Parameter estimates, their standard errors (SE) and p values, estimated for 

the recovery of sea lamprey in the upstream fishway chamber (𝑞) in relation to water 

temperature (linear term), height of the staff gauge upstream of the fishway entrance, 

and water clarity (measured as clear, partially turbid, or completely turbid). SE’s, z tests, 

and p values are from a quasi-binomial model. 

 

Big Carp River 

    

Random effects Variance SD   

year  1.40 1.18   

Fixed effects Estimate SE z p 

Intercept 3.60 0.83 4.29 <0.0001 

Water Temperature  8.90 3.83 2.32 0.02 

Water Temperature2 -2.67 3.28 -0.81 0.42 

Upstream gauge 

height 

0.27 0.30 0.90 0.37 

Partial Turbidity -0.47 0.79 -0.60 0.55 

Complete Turbidity -0.68 1.05 -0.65 0.52 

     

Big Creek     

Random effects Variance SD   

year  1.09 1.04   

Fixed effects Estimate SE z p 

Intercept 2.67 0.88 3.04 0.0023 

Water Temperature  0.92 2.23 0.42 0.68 

Water Temperature2 -1.69 2.07 -0.82 0.41 

Upstream gauge 

height 

0.02 0.37 0.05 0.96 
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Complete Turbidity -0.32 0.24 -1.34 0.18 

     

Cobourg Brook     

Random effects Variance SD   

year  1.55 1.25   

Fixed effects Estimate SE z p 

Intercept 4.13 0.41 9.98 <0.0001 

Water Temperature  -0.03 5.02 -0.01 0.996 

Water Temperature2 -7.15 4.18 -1.71 0.09 

Upstream gauge 

height 

-0.14 0.17 -0.82 0.42 

Partial Turbidity 1.40 0.69 2.03 0.04 

Complete Turbidity -0.29 0.47 -0.62 0.53 

     



37 
 

 
 

Table 7. Numbers of individuals caught for the six desirable fish species most frequently caught in the upstream fishway 

chamber at each fishway location. Species have been ordered alphabetically by Family and Genus. 

    Total Catch 

Common name Family Genus species Big Carp River Big Creek Cobourg Brook 

White sucker Catostomidae Catostomus commersonii 11472 1270 12671 

Rock bass Centrarchidae Ambloplites rupestris 2701 8919 98 

Pumpkinseed Centrarchidae Lepomis gibbosus 334 4082 1702 

Bluegill Centrarchidae Lepomis macrochirus 5 1948 16 

Mottled sculpin Cottidae Cottus bairdii 49 NA 957 

Common Shiner Cyprinidae Luxilus cornutus 8074 75 2099 

Creek chub Cyprinidae Semotilus atromaculatus 5006 297 1148 

Brown bullhead Ictaluridae Ameiurus nebulosus 619 14206 155 

Longnose dace Leuciscidae Rhinichthys cataractae 37 NA 4857 

Yellow Perch Percidae Perca  flavescens 9 4125 10 

Logperch Percidae Percina caprodes 2219 374 20 

Rainbow trout Salmonidae Oncorhynchus mykiss 2083 191 21648 
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Figure 2. Photograph of the vertical slot fishway and barrier at Cobourg Brook. Photo 

provided by the Sea Lamprey Control Centre, Fisheries and Oceans Canada. 

  

Figure 1. Diagram of vertical slot fishway with corresponding instream barrier 
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Figure 3. Visual representation of single input stream sorting redrawn from Wolf et al., 2010, © 
2010 IEEE 
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Figure 4. Map of the Laurentian Great Lakes showing the locations of the fishways at Big Carp River 

(a), Big Creek (b), and Cobourg Brook (c). Map created using Google Maps (2021). 
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Figure 5. Plots displaying of 𝑟 and 𝑞 for industrial processes (a) and annual estimates of 𝑟 and 𝑞 for 

the Big Carp River (b), Big Creek (c), and Cobourg Brook (d) fishways. Fig. 1 (a) has been redrawn 

from Wolf et al., 2010, © 2010 IEEE. 



42 
 

 
 

  
Figure 6. Partial regression plots displaying how nightly estimates of the recovery of desirable fishes in the downstream fishway 

chamber (𝑟) changed with water temperature (a-c), water level (d-f) and water clarity at each fishway location. The red line 

indicates clear water, the blue indicates partially turbid, and the black indicates completely turbid water. Water temperature and 

level were standardized to mean =0 and variance=1 prior to analysis. 



43 
 

 
 

Figure 7. Partial regression plots displaying how nightly estimates of the sorting of sea lampreys into the upstream fishway 

chamber (𝑞) changed with water temperature (a-c), water level (d-f), and water clarity for each fishway location. The red line 

indicates clear water, the blue indicates partially turbid, and the black indicates completely turbid water. Water temperature and 

level were standardized to mean =0 and variance=1 prior to analysis. 
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APPENDICES 

Appendix A: Partial autocorrelation plots summarizing the magnitudes of the partial correlation 
coefficients relating the sorting effectiveness for desirable fishes (r) at time t (in days) in relation 
to times t-1 (lag = 1), t-2 (lag = 2), …, t-n (lag = n). The plots shown here are from a model where r 
from the previous day was modeled as a random intercept and slope across years. Values above 
or below the dotted blue line are considered statistically significant. 

Big Carp River (2000-2003, 2006-2018).  
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Big Creek (2011-2013, 2015-2019). 
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Cobourg Brook (2000-2018). 
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Appendix B: Partial autocorrelation plots summarizing the magnitudes of the partial correlation 
coefficients relating the sorting effectiveness for sea lamprey (q) at time t (in days) in relation to 
times t-1 (lag = 1), t-2 (lag = 2), …, t-n (lag = n). The plots shown here are from a model where q 
from the previous day was not included. Values above or below the dotted blue line are 
considered statistically significant. 

Big Carp River (2000-2003, 2006-2018). 
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Big Creek (2011-2013, 2015-2019). 
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Cobourg Brook (2011-2013, 2015-2019). 
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Appendix C: Fish species caught by fishway. Species have been 
ordered by descending number of individuals caught. 

Big Carp River 

Common name Genus species Total Catch 

White sucker Catostomus commersonii 30719 

Common shiner Luxilus cornutus 8543 

Creek chub Semotilus atromaculatus 5345 

Rock bass Ambloplites rupestris 3002 

Log perch Percina caprodes 2387 

Rainbow trout Oncorhynchus mykiss 2320 

Brown bullhead Ameiurus nebulosus 637 

Smallmouth bass Micropterus dolomieu 412 

Brook trout Salvelinus fontinalis 368 

Pumpkinseed Lepomis gibbosus 339 

Johnny darter Etheostoma nigrum 265 

Emerald shiner Notropis atherinoides 246 

Sea lamprey Petromyzon marinus 240 

Blacknose dace Rhinichthys atratulus 153 

American shad Alosa  sapidissima 123 

Minnow family Cyprinidae (Family) spp. 116 

Spottail shiner Notropis  hudsonius 110 

Mottled sculpin Cottus bairdii 91 

Chinook salmon Oncorhynchus tshawytscha 68 
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Bluntnose minnow Pimephales notatus 61 

Longnose dace Rhinichthys cataractae 56 

Sculpin family Cottidae (Family) spp. 55 

Silver redhorse Moxostoma  anisurum 41 

Lake chub Couesius  plumbeus 40 

Northern redbelly dace Chrosomus  eos 34 

Longnose sucker Catostomus  catostomus 33 

Trout-perch Percopsis  omiscomaycus  27 

Rainbow smelt Osmerus  mordax 26 

Golden shiner Notemigonus  crysoleucas 23 

American brook lamprey Lampetra  appendix 15 

Walleye Sander vitreus 13 

Northern Pike Esox lucius 12 

Yellow perch Perca flavescens 11 

Brook stickleback Culaea  inconstans 11 

Brassy minnow Hybognathus  hankinsoni 10 

Pearl dace Margariscus nachtriebi 8 

Slimy sculpin Cottus  cognatus 7 

Bluegill Lepomis macrochirus 6 

Threespine stickleback Gasterosteus  aculeatus 6 

Dace Leuciscidae (Family) spp. 6 

Brown trout Salmo trutta 6 

Redside dace Clinostomus  elongatus 6 

River chub Nocomis  micropogon 6 
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Salmon Salmonidae (Family) spp. 4 

Alewife Alosa  pseudoharengus 3 

Burbot Lota lota 3 

Fathead minnow Pimephales promelas 3 

Darter Etheosomatidae (Family) spp. 3 

Silver lamprey Ichthyomyzon  unicuspis 3 

Deepwater cisco Coregonus  johannae 2 

Central mudminnow Umbra limi 1 

Coho salmon Oncorhynchus kisutch 1 

Lake trout Salvelinus  namaycush 1 

Redhorse Moxostoma  sp. 1 

Shiner Cypriniformes (Order) sp. 1 

Stickleback family Gasterosteidae (Family) sp. 1 

Sunfish Lepomis  sp. 1 

Trout or salmon fry Salmonidae (Family) sp. 1 
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Big Creek 

Common name Genus species Total Catch 

Brown bullhead Ameiurus nebulosus 16062 

Sea lamprey Petromyzon marinus 11510 

Rock bass Ambloplites rupestris 11045 

Pumpkinseed Lepomis gibbosus 6234 

Yellow perch Perca flavescens 4708 

Bluegill Lepomis macrochirus 2626 

White sucker Catostomus commersonii 2591 

Shorthead redhorse Moxostoma macrolepidotum 805 

Log perch Percina caprodes 534 

Creek chub Semotilus atromaculatus 339 

Rainbow trout Oncorhynchus mykiss 280 

Brown trout Salmo trutta 194 

Northern hog sucker Hypentelium nigricans 182 

Largemouth bass Micropterus salmoides 85 

Common shiner Luxilus cornutus 83 

Stonecat Noturus  flavus 70 

Common Carp Cyprinus  carpio 65 

Redhorse Moxostoma  spp. 63 

Black crappie Pomoxis  nigromaculatus 44 

Longnose sucker Catostomus  catostomus 40 

Bluntnose minnow Pimephales notatus 37 



62 
 

 
 

Blackside darter Percina  maculata 32 

Brook trout Salvelinus fontinalis 26 

White bass Morone  chrysops 26 

White perch Morone  americana 19 

White crappie Pomoxis  annularis 18 

Banded killifish Fundulus  diaphanus 16 

Blacknose dace Rhinichthys  atratulus 14 

Bowfin Amia calva 13 

Smallmouth bass Micropterus dolomieu 12 

Golden shiner Notemigonus  crysoleucas 11 

Greenside darter Etheostoma  blennioides 10 

Northern Pike Esox lucius 10 

Striped Shiner Luxilus  chrysocephalus 10 

American brook lamprey Lampetra  appendix 7 

River redhorse Moxostoma  carinatum 6 

Silver redhorse Moxostoma  anisurum 5 

Silver lamprey Ichthyomyzon  unicuspis 4 

Channel catfish Ictalurus  punctatus 3 

Tadpole madtom Noturus  gyrinus 3 

Yellow bullhead Ameiurus  natalis 3 

Mottled sculpin Cottus bairdii 2 

River darter Percina  shumardi 2 

Round goby Neogobius melanostomus 2 

Atlantic salmon Salmo salar 1 
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Coho salmon Oncorhynchus kisutch 1 

Emerald shiner Notropis atherinoides 1 

Longnose gar Lepisosteus  osseus 1 

Northern brook lamprey Ichthyomyzon  fossor 1 

Walleye Sander vitreus 1 
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Cobourg Brook 

Common name Genus species Total Catch 

White sucker Catostomus commersonii 28792 

Rainbow trout Oncorhynchus mykiss 22968 

Longnose dace Rhinichthys cataractae 5841 

Sea lamprey Petromyzon marinus 3910 

Round goby Neogobius melanostomus 3357 

Common shiner Luxilus cornutus 2243 

Pumpkinseed Lepomis gibbosus 1831 

Fathead minnow Pimephales promelas 1637 

Mottled sculpin Cottus bairdii 1460 

Creek chub Semotilus atromaculatus 1335 

Blacknose dace Rhinichthys atratulus 973 

Atlantic salmon Salmo salar 771 

Goby family Gobiidae (Family) spp. 379 

Brown trout Salmo trutta 308 

Sculpin family Cottidae (Family) spp. 230 

Brook trout Salvelinus fontinalis 200 

Dace Leuciscidae (Family) spp. 189 

Northern redbelly dace Chrosomus  eos 163 

Brown bullhead Ameiurus nebulosus 161 

Rock bass Ambloplites rupestris 128 

Johnny darter Etheostoma nigrum 106 
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Chinook salmon Oncorhynchus tshawytscha 100 

Threespine stickleback Gasterosteus  aculeatus 86 

Hornyhead chub Nocomis  biguttatus 77 

Coho salmon Oncorhynchus kisutch 72 

Longnose sucker Catostomus  catostomus 62 

American brook lamprey Lampetra  appendix 58 

Emerald shiner Notropis atherinoides 45 

Bluntnose minnow Pimephales notatus 44 

Golden shiner Notemigonus  crysoleucas 30 

Log perch Percina caprodes 22 

Blacknose shiner Notropis  heterolepis 21 

Brook stickleback Culaea  inconstans 20 

Finescale dace Chrosomus  neogaeus 18 

Bluegill Lepomis macrochirus 17 

Brassy minnow Hybognathus  hankinsoni 15 

Smallmouth bass Micropterus dolomieu 13 

Yellow perch Perca flavescens 11 

Fantail darter Etheostoma  flabellare 10 

Rainbow smelt Osmerus  mordax 10 

Alewife Alosa  pseudoharengus 8 

Lake chub Couesius  plumbeus 7 

American eel Anguilla  rostrata 3 

Native lamprey Petromyzontidae (Family) (Not sea lamprey) 3 

Spottail shiner Notropis  hudsonius 3 
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White perch Morone  americana 3 

Catfish family Ictaluridae (Family) spp. 2 

Goldfish Carassius  auratus 2 

Redside dace Clinostomus  elongatus 2 

Stickleback family Gasterosteidae (Family) spp. 2 

Trout Salmonidae (Family) spp. 2 

Darter Etheosomatidae (Family) sp. 1 

Fish, family or species not noted Actinopterygii (Class) sp. 1 

Lake trout Salvelinus  namaycush 1 

Largemouth bass Micropterus salmoides 1 

Mimic shiner Notropis  volucellus 1 

Minnow family Cyprinidae (Family) sp. 1 

Northern brook lamprey Ichthyomyzon  fossor 1 

Pugnose minnow Opsopoeodus  emiliae 1 

Silver lamprey Ichthyomyzon  unicuspis 1 

Stonecat Noturus  flavus 1 

Walleye Sander vitreus 1 

 


