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Abstract 

Knowledge of fish population structure allows fisheries managers to account for 

potentially different responses of discrete groups to external stressors. Life history traits 

are very useful indicators of population structure because they provide information about 

fish populations that incorporates elements of genetics, environment, and resource use 

simultaneously. In Lake Huron, the yellow perch (Perca flavescens) is managed based on 

17 geographic management units; however, it is unknown if management units accurately 

represent discrete perch groups. Furthermore, it is unclear whether yellow perch 

population structure changed temporally over the course of the major ecosystem shift in 

the early 2000s, where invasive mussels decreased zooplankton and benthic invertebrate 

abundance, altered nutrient and energy distribution, and reduced lake productivity. Here, 

I used data from the Ontario Ministry of Natural Resources and Forestry’s Lake Huron 

Index Netting Program to derive sex-specific life history traits for yellow perch including 

size at maturity, age at maturity, maximum size, lifespan, and growth at age 2 from 

contemporary (2009–2018) and historical (1990–1999) timeframes. In the first part of my 

study, I examined how yellow perch were spatially structured in Lake Huron. 

Generalized linear mixed models showed that yellow perch life history traits varied with 

location and depth, but primarily with latitude. Male maximum size was 1.1-fold greater 

at southernmost sites (276.3 ± 4.6 mm) compared to northernmost sites (247.7 ± 3.2 mm), 

while female maximum size was 1.1-fold greater at southernmost sites (318.5 ± 1.3 mm) 

compared to northernmost sites (293.9 ± 8.1 mm). Longitudinal and depth-based 

variation existed in fewer life history traits. Female maximum size was 1.2-fold greater at 

westernmost sites (293.9 ± 8.1 mm) compared to easternmost sites (244.2 ± 12.4 mm). 
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Male growth at age 2 was 1.2-fold greater at deeper sites (160.0 ± 11.4 mm) compared to 

shallower sites (131.1 ± 0.3 mm), while female growth at age 2 was 1.2-fold greater at 

deeper sites (166.1 ± 16.2 mm) compared to shallower sites (139.6 ± 4.0 mm). I found 6 

discrete clusters of yellow perch in Lake Huron based on variation in life history trait 

values, encompassing fish in the (1) South Basin, which were superior in growth, 

maturity, and lifespan; (2) Main Basin, which grew fast, but died fast; (3) North Channel, 

which had average growth and maturity, and lived long; (4) northeast Georgian Bay, 

which were short lived, slow growers; (5) central Georgian Bay, which had slow growth 

and fast maturity, but died quickly; and (6) south Georgian Bay, which had average 

growth and maturity, but died quickly. In the second part of my study, I found that yellow 

perch life history trait values showed no significant temporal variation. The only life 

history trait that was different before and after the major ecosystem shift was male 

maximum size, which increased on average 5% from 232.9 ± 23.3 mm to 244.6 ± 30.6 

mm. The influence of location and depth varied across timeframes depending on the life 

history trait analyzed, but did not follow any specific pattern. Clusters of perch identified 

based on combinations of life history traits were similar in the contemporary and 

historical datasets. Current management units appear to adequately represent yellow 

perch population structure in Lake Huron, which suggests that no major change to the 

spatial arrangement of these management units is necessary. The discovery of no change 

in life history values over time despite the major ecosystem shift is surprising, and 

suggests that recent population declines are not via major shifts in the parameters I 

assessed. 



iii 
 

Acknowledgements 

First, to my supervisor and good friend Dr. Christopher Somers, thank you for 

providing me with this incredible opportunity. I am extremely grateful for all of your 

help, support, and feedback along the way, from when we first met in your Conservation 

Biology class during my undergrad, to applying for jobs at the conclusion of this degree. I 

will forever cherish being a member of your lab, and will always remember our talks 

about fisheries and wildlife management, genetics, research, academia, politics, and life. 

You are an exceptional role model, and it has been a pleasure to work with you over the 

last 4 years. To my lab colleagues and co-workers, thank you for creating such a 

wonderful, funny, and positive working environment in both the field and office. To my 

committee member, Richard Manzon, thank you for the thoughtful feedback and advice 

over the course of this study. Finally, and major thank you must go to Chris Davis and 

the rest of the Lake Huron Office of the Ontario Ministry of Natural Resources and 

Forestry’s Upper Great Lakes Management Unit for providing the extensive database I 

used in this study. 

I would like to thank the organizations that provided financial and in-kind 

support. Thank you to Bruce Power and the NSERC Collaborate Research and 

Development Grant Program for the research funding, and to the University of Regina’s 

Faculty of Graduate Studies and Research for a University of Regina Graduate 

Scholarship and Graduate Teaching Assistantships. Thank you to the University of 

Regina Department of Biology for the Departmental Teaching Assistantships.  



iv 
 

Dedication 

 I would like to dedicate this thesis to my family and friends, for all of their love 

and support along this journey. To my mom, Leanne, for showing me the value of 

education and learning, and for encouraging me to turn my passion of fishing into a 

career. To my dad, Rob, for taking me fishing when I was young, and for getting me 

involved in the passion I so dearly enjoy. Thank you both for putting a roof over my head 

and food on the table when I was younger, and for raising me to have a strong work ethic, 

chase my goals and dreams, and be a good person. To my brother and sister, Reese and 

Lorenne, for always being funny, supportive, and encouraging. To my girlfriend Nikita 

and our beloved pup Bailey, for keeping spirits high and being awesome cheerleaders. 

Thank you. 

 



v 
 

Table of Contents 

Abstract ........................................................................................................................... i 

Acknowledgements ....................................................................................................... iii 

Dedication ..................................................................................................................... iv 

Table of Contents ............................................................................................................v 

List of Tables .............................................................................................................. viiii 

List of Figures .................................................................................................................x 

1.0 Introduction ...............................................................................................................1 

1.1 Population delineation in modern fisheries management .........................................1 

1.2 Characterizing subdivided fish populations .............................................................3 

1.3 Yellow perch importance and status in the Great Lakes and Lake Huron ................7 

1.4 Yellow perch management in Lake Huron ............................................................ 11 

1.5 Research Objectives, Hypothesis, and Predictions ................................................ 16 

2.0 Methods and Materials ............................................................................................. 18 

2.1 Life History Trait Data ......................................................................................... 18 

2.2 Fish Sampling and Data Collection ....................................................................... 18 

2.3 Location of Sites and Calculation of Site Latitude, Longitude, and Depth for each 

Dataset ....................................................................................................................... 20 

2.4 Sex-Specific Life History Trait Estimation ........................................................... 27 

2.5 Statistical Analysis ............................................................................................... 28 



vi 
 

3.0 Results ..................................................................................................................... 30 

3.1 Contemporary Dataset (2009–2018) ..................................................................... 30 

3.1.1 Life History Trait Variation by Location and Water Depth ............................. 30 

3.1.2 Clustering Based on Life History Traits 2009–2018 ....................................... 40 

3.2 Historical Dataset (1990–1999) ............................................................................ 44 

3.2.1 Life History Trait Variation by Location and Water Depth ............................. 44 

3.2.2 Clustering Based on Life History Traits 1990–1999 ....................................... 53 

3.3 Temporal Comparison .......................................................................................... 56 

3.3.1 Lake-wide Life History Trait Variation across Timeframes ............................ 56 

3.3.2 Variation by Location and Depth across Timeframes ..................................... 60 

3.3.3 Variation in Clusters Based on Life History Traits across Timeframes ........... 70 

4.0 Discussion ............................................................................................................... 71 

4.1 Contemporary Dataset (2009–2018) ..................................................................... 71 

4.1.1 Life History Trait Variation by Location and Water Depth ............................. 71 

4.1.2 Clustering Based on Life History Traits 2009–2018 ....................................... 76 

4.1.3 Management Implications .............................................................................. 78 

4.2 Temporal Comparison .......................................................................................... 79 

4.2.1 Lake-wide Life History Trait Variation across Timeframes ............................ 79 

4.2.2 Variation by Location and Depth across Timeframes ..................................... 80 

4.2.3 Variation in Clusters Based on Life History Traits across Timeframes ........... 82 



vii 
 

4.2.4 Management Implications .............................................................................. 83 

4.3 Study Limitations ................................................................................................. 83 

4.3.1 Contemporary and Historical Dataset Limitations .......................................... 83 

4.3.2 Temporal Comparison Limitations ................................................................. 85 

    4.4 Linking Life History Theory, Yellow Perch Population Ecology, and the      

     Environment ............................................................................................................. 86 

References ..................................................................................................................... 90 

Appendix ..................................................................................................................... 111 

Supplementary list of tables and figures ................................................................... 112 

 

 



viii 
 

List of Tables  

Table 1: Sites on Lake Huron from OMNRF index netting assessments used to examine 

life history traits of yellow perch in the contemporary timeframe of 2009–2018. Sites are 

shown with associated latitude, longitude, depth, years sampled during the timeframe 

(Time), and sample size for each sex of yellow perch. Latitude is measured in decimal 

degrees north (°N), longitude is measured in decimal degrees west (°W), and depth is an 

average measured in meters (m). The number of fish sampled and used in the study (n) 

for each sex at each site is included. ............................................................................... 22 

Table 2: Sites on Lake Huron from OMNRF index netting assessments used to examine 

life history traits of yellow perch in the historical timeframe of 1990–1999. Sites are 

shown with associated latitude, longitude, depth, number of years sampled (Time), and 

sample size for each sex of yellow perch; site numbers represent the same locations as 

those used in Table 1. Latitude is measured in decimal degrees north (°N), longitude is 

measured in decimal degrees west (°W), and depth is an average measured in meters (m). 

The number of fish sampled (n) for each sex at each site is also included. ...................... 25 

Table 3: Sex-specific life history trait values at each site for Lake Huron yellow perch 

sampled in the contemporary timeframe (2009–2018). Length at maturity (L50) measured 

as fork length in mm, age at maturity (A50) measured as age in years, maximum size 

(max size) measured as fork length in mm, lifespan measured as age in years, and growth 

at age 2 (growth rate) measured as fork length in mm are assessed. The lake-wide average 

with standard deviation (x̅ ± SD) for each life history trait is displayed. Male and female 

growth rate could not be calculated at site 6, while max size and lifespan could not be 



ix 
 

calculated at site 13; sites that lack measurement for a particular life history trait are listed 

as N/A (not available). ................................................................................................... 33 

Table 4: Sex-specific life history trait values at each site for Lake Huron yellow perch 

sampled in the historical timeframe (1990–1999). Length at maturity (L50) measured as 

fork length in mm, age at maturity (A50) measured as age in years, maximum size (max 

size) measured as fork length in mm, lifespan measured as age in years, and growth at 

age 2 (growth rate) measured as fork length in mm are assessed. The mean with standard 

deviation (x̅ ± SD) for each life history trait is displayed. Male max size and lifespan 

could not be calculated at sites 7, 9, and 18, while male growth rate, female max size, and 

female lifespan could not be calculated at sites 7 and 9; sites that lack measurement for a 

particular life history trait are listed as N/A (not available). ........................................... 47 

Table 5: Summary table of Generalized Linear Mixed Model results for historical (Hist) 

and contemporary (Cont) timeframes. Checkmarks () indicate life history traits that 

were significantly predicted by a geographic predictor and X marks () indicate life 

history traits that were not significantly predicted by a geographic predictor for each 

timeframe. Mixed models did not converge for historical female maximum size, male 

lifespan, and female lifespan, and are listed as N/A (not available). ............................... 69 

 

 

 

 

 

 

 



x 
 

List of Figures 

Figure 1: Management units (MUs) defined for managing fish species in Lake Huron. 

Management units cover all Canadian waters, encompassing the South Basin (4-5), Main 

Basin (4-1 to 4-3, and Zone-1), Georgian Bay (5-1 to 5-9, and Zones 2 and 3), and the 

North Channel (6-1 and 6-3)…………….……………………….………………………13 

Figure 2: Collection sites in Lake Huron for OMNRF index netting that produced the 

contemporary dataset used to determine yellow perch life history traits. Red circles 

indicate sample sites and are numerically labelled with an adjacent white circle (0–20). 

Major basins of Lake Huron are labelled. (Original in colour). ....................................... 23 

Figure 3: Collection sites in Lake Huron for OMNRF index netting that produced the 

historical dataset used to calculate yellow perch life history traits. Red circles indicate 

historical sample sites, which are replicates of contemporary sample sites. Black outlined 

circles indicate sites sampled in the contemporary dataset, but not replicated in the 

historical dataset. Sites are numerically labelled with an adjacent white circle (0–20). 

Major basins of Lake Huron are labelled. (Original in colour). ....................................... 26 

Figure 4: Relationships between size at maturity (L50) and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) Male 

size at maturity versus latitude; (B) female size at maturity versus latitude; (C) male size 

at maturity versus longitude; (D) female size at maturity versus longitude; (E) male size 

at maturity versus depth; and (F) female size at maturity versus depth. Male and female 

size at maturity are measured in mm fork length, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400537
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400539
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541


xi 
 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. None of the relationships shown were significant…35 

Figure 5: Relationships between age at maturity (A50) and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) Male 

age at maturity versus latitude; (B) female age at maturity versus latitude; (C) male age at 

maturity versus longitude; (D) female age at maturity versus longitude; (E) male age at 

maturity versus depth; and (F) female age at maturity versus depth. Male and female age 

at maturity are measured in years, latitude is measured in decimal degrees north (°N), 

longitude is measured in decimal degrees west (°W), and depth is measured in meters 

(m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. Daggers (†) indicate relationships where variables 

were significant predictors of life history trait values. .................................................... 36 

Figure 6: Relationships between maximum size (max size) and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. 

(A) Male maximum size versus latitude; (B) female maximum size versus latitude; (C) 

male maximum size versus longitude; (D) female maximum size versus longitude; (E) 

male maximum size versus depth; and (F) female maximum size versus depth. Male and 

female maximum size are measured in mm fork length, latitude is measured in decimal 

degrees north (°N), longitude is measured in decimal degrees west (°W), and depth is 

measured in meters (m). Trendlines based on Generalized Linear Mixed Models with 

95% confidence intervals shaded in gray are shown. Daggers (†) indicate relationships 

where variables were significant predictors of life history trait values. ........................... 37 

file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400541
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400542
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400543


xii 
 

Figure 7: Relationships between lifespan and predictor variables for yellow perch 

sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) Male 

lifespan versus latitude; (B) female lifespan versus latitude; (C) male lifespan versus 

longitude; (D) female lifespan versus longitude; (E) male lifespan versus depth; and (F) 

female lifespan versus depth. Male and female lifespan are measured in years, latitude is 

measured in decimal degrees north (°N), longitude is measured in decimal degrees west 

(°W), and depth is measured in meters (m). Trendlines based on Generalized Linear 

Mixed Models with 95% confidence intervals shaded in gray are shown. Daggers (†) 

indicate relationships where variables were significant predictors of life history trait 

values. ........................................................................................................................... 38 

Figure 8: Relationships between growth rate at age 2 (growth rate) and predictor 

variables for yellow perch sampled from Lake Huron, Ontario, Canada during the years 

2009–2018. (A) Male growth at age 2 versus latitude; (B) female growth at age 2 versus 

latitude; (C) male growth at age 2 versus longitude; (D) female growth at age 2 versus 

longitude; (E) male growth at age 2 versus depth; and (F) female growth at age 2 versus 

depth. Male and female growth at age 2 are measured in mm fork length, latitude is 

measured in decimal degrees north (°N), longitude is measured in decimal degrees west 

(°W), and depth is measured in meters (m). Trendlines based on Generalized Linear 

Mixed Models with 95% confidence intervals shaded in gray are shown. Daggers (†) 

indicate relationships where variables were significant predictors of life history trait 

values. ........................................................................................................................... 39 

Figure 9: K-means cluster plot with site groupings based on similarities in values for the 

suite of life history traits determined for this study. K-means analysis identified 6 distinct 

file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400544
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400545
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400546
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400546


xiii 
 

clusters ranging in size from 1 to 5 sites. Numbers in each cluster correspond with site 

numbers, and sites belonging to the same cluster are colour coded. Sites 6 and 13 were 

omitted from k-means clustering. (Original in colour). ................................................... 42 

Figure 10: Map of collection sites in Lake Huron with sites coloured according to K-

means clustering based on similarity in the suite of life history traits assessed. Major 

basins of Lake Huron are labelled, and sites are numerically labelled with an adjacent 

white circle (0–20). Sites 6 and 13 were omitted from k-means clustering and are 

indicated by a hollow circle. (Original in colour). .......................................................... 43 

Figure 11: Relationships between size at maturity and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. (A) Male 

size at maturity versus latitude; (B) female size at maturity versus latitude; (C) male size 

at maturity versus longitude; (D) female size at maturity versus longitude; (E) male size 

at maturity versus depth; and (F) female size at maturity versus depth. Male and female 

size at maturity are measured in mm fork length, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. Daggers (†) indicate relationships where variables 

were significant predictors of life history trait values. .................................................... 48 

Figure 12: Relationships between historical age at maturity and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. 

(A) Male age at maturity versus latitude; (B) female age at maturity versus latitude; (C) 

male age at maturity versus longitude; (D) female age at maturity versus longitude; (E) 

male age at maturity versus depth; and (F) female age at maturity versus depth. Male and 

file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400546
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400546
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400546
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400547
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400547
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400547
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400547
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400547
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400549
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550


xiv 
 

female age at maturity are measured in years, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. None of the relationships shown were significant. .. 49 

Figure 13: Relationships between historical maximum size and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. 

(A) Male maximum size versus latitude; (B) female maximum size versus latitude; (C) 

male maximum size versus longitude; (D) female maximum size versus longitude; (E) 

male maximum size versus depth; and (F) female maximum size versus depth. Male 

maximum size is measured in mm fork length, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown when models converged. None of the relationships 

shown were significant. ................................................................................................. 50 

Figure 14: Relationships between historical lifespan and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. (A) Male 

lifespan versus latitude; (B) female lifespan versus latitude; (C) male lifespan versus 

longitude; (D) female lifespan versus longitude; (E) male lifespan versus depth; and (F) 

female lifespan versus depth. Male lifespan is measured in years, latitude is measured in 

decimal degrees north (°N), longitude is measured in decimal degrees west (°W), and 

depth is measured in meters (m). No trendlines with 95% confidence intervals are shown 

because models did not converge. .................................................................................. 51 

file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400550
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400551
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552
file:///C:/Users/Ryder/Documents/thesis%20chapter%201.docx%23_Toc76400552


xv 
 

Figure 15: Relationships between historical growth rate at age 2 and predictor variables 

for yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–

1999. (A) Male growth rate at age 2 versus latitude; (B) female growth rate at age 2 

versus latitude; (C) male growth rate at age 2 versus longitude; (D) female growth rate at 
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decimal degrees west (°W), and depth is measured in meters (m). Trendlines based on 

Generalized Linear Mixed Models with 95% confidence intervals shaded in gray are 
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degrees west (°W). Trendlines based on Generalized Linear Mixed Models with 95% 

confidence intervals shaded in gray are shown when models converged. Models did not 

converge for historical male lifespan, and therefore trendlines with confidence intervals 

are not included. Daggers (†) indicate relationships where variables were significant 
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Figure 25: Relationships between historical (1990–1999) and contemporary (2009–2018) 

male growth at age 2 (growth rate) and latitude for yellow perch sampled from Lake 

Huron, Ontario, Canada. (A) Historical male growth rate versus latitude; (B) 

contemporary male growth rate versus latitude. Growth rate is measured in years, latitude 

is measured in decimal degrees north (°N). Trendlines based on Generalized Linear 

Mixed Models with 95% confidence intervals shaded in gray are shown. A dagger (†) 

indicates the relationship where latitude was a significant predictor of male growth rate.
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1.0 Introduction  

1.1 Population delineation in modern fisheries management 

Understanding how fish populations are spatially and temporally structured is 

critical for fisheries management. Discrete groups of fish may have different life history 

traits and demographic parameters, can be more or less sensitive to environmental and 

anthropogenic influences than others, and respond independently to stressors such as 

invasive species, commercial harvest, thermal effluent, and habitat degradation 

(Scheuerell et al., 2006; Cooke et al., 2016). Stressors can lead to regional changes in fish 

abundance and possibly to local extirpation, depending on how different groups respond 

(Chaparro-Pedraza & Roos, 2021). Understanding fish population structure allows 

fisheries managers to apply strategies that account for stressors on each group (Cooke et 

al., 2016), which is fundamental for preserving fish stock size and diversity, while 

allowing for sustainable harvest (Hammer et al., 1993; Sterner, 2007). However, before 

implementing management that accounts for different populations, fisheries managers 

need a clear understanding of how fish populations are structured within an aquatic 

ecosystem (Cadrin et al., 2013; Cooke et al., 2016).  

One way fish population structure is understood is by spatially subdividing a 

larger fish population into smaller, discrete groups. The delineation of discrete groups is 

determined based on metrics commonly used in fisheries management, such as genetic 

lineage, life history traits, or resource use (Cadrin et al., 2013; Buchholz-Sørensen & 

Vella, 2016; Eberts et al., 2017), and is used to identify areas that may need specific 

management considerations (Cooke et al., 2016). Knowledge of fish population structure 

based on spatial variation has been critical in both marine and freshwater management 
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scenarios. Examining one of the most abused marine fish stocks in the world, the Atlantic 

cod (Gadus morhua), Sterner (2007) showed that managing subdivided populations as 

one unit lead to over-estimation of growth and harvest potential. If harvest quotas are 

based on over-estimations, subpopulation diversity is reduced as discrete stocks 

inevitably collapse. In a freshwater scenario, Larrson et al. (2015) identified northern pike 

(Esox lucius) subpopulations that varied spatially due to natal homing. It was concluded 

that subpopulation size and diversity should be preserved by managing individual 

subpopulations and protecting discrete spawning sites. Management approaches that 

account for spatial variation at the subpopulation level are also being continuously 

recommended. Cooke et al. (2016) explained that understanding spatial variation allows 

managers to determine how and when fish and their habitats are exposed to different 

threats, leading to the development of strategies that protect fish subpopulations over the 

long term. If spatial variation is ignored, then population assessments may be biased or 

inaccurate, leading to ineffective management.  

Incorporating fish population structure into management regimes is a central 

theme in modern fisheries science; however, the use of associated terminology is often 

inconsistent and confusing. Cadrin et al. (2013) provided a set of guidelines that I have 

adopted here. A fish “population” is defined as a self-sustaining group of individuals 

from one species, and a “subpopulation” is a single, self-sustaining portion of a 

population that exhibits a degree of independence in local population dynamics such as 

life history, genetics, or resource use. The term “subdivision” refers to the delineation of 

subpopulations within a larger group, and a “management unit” is a geographically 

delineated fisheries resource based on practical or jurisdictional boundaries for 
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management (which may or may not reflect population structure). The term “discrete” 

identifies ecologically or genetically separate or distinct groups, and a “stock” is a 

fisheries unit (usually in the form of a subpopulation) that is discrete and exploited 

independently. The term “life history” refers to development and changes undergone by a 

fish during its lifetime; “spatial/temporal overlap” is the co-occurrence of two or more 

subpopulations over space and/or time; “contingent” means a group of fish that co-occur 

in time and space and adhere to the same life history patterns; finally, “connectivity” 

refers to linkage between two life-history patterns or subpopulations. It is important that 

these terms be used appropriately both for accuracy, and for proper interpretation of 

population assessments in a fisheries management framework. 

1.2 Characterizing subdivided fish populations 

The ultimate goal of assessing fish population structure is to delineate important 

differences among groups of fish; correspondingly, a variety of tools are available. This 

includes, but is not limited to: genetic markers, stable isotopes analysis, and life history 

traits (Begg et al., 1999; Begg & Waldman, 1999; Abaunza et al., 2008a; Cadrin et al., 

2013). Genetic markers are commonly used to assess population structure and aid in the 

development of management regimes (Begg & Waldman, 1999; Cadrin et al., 2013; 

Buchholz-Sørensen & Vella, 2016; Graham et al., 2016; Morgan et al., 2017). However, 

these markers are relevant over long time scales (generations), and may lack the 

resolution necessary to detect short-term population subdivision (Eberts et al., 2017). 

Stable isotopes of carbon (δ13C) and nitrogen (δ15N) can also identify fish 

subpopulations (Jardine et al., 2003; Eberts et al., 2017). However, stable isotopes 

analyses are food-web based studies that require extensive sampling from multiple parts 
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of the ecosystem, resulting in accurate but expensive and time consuming assessment 

(Layman et al., 2012). One of the most widespread and potentially informative tools for 

assessing population structure is based on life history traits involving fish size, age, 

maturity, growth rate, reproduction, fecundity, and mortality (Begg et al., 1999; Begg & 

Waldman, 1999; Purchase et al., 2005a; Cadrin et al,. 2013; Macdonald et al., 2013). Life 

history traits work well for identifying subpopulations as they can be done over any time 

scale (Cadrin et al., 2013). Life history traits provide detailed and extensive data on how 

fish populations respond to elements of genetics, environment, and resource use 

simultaneously (Cooke et al., 2016).  

A number of different life history trait parameters are used for assessment of fish 

populations. Paramters include, but are not limited to: size at maturity, age at maturity, 

maximum size, lifespan, and growth rate at a specific age (Begg et al., 1999; Begg & 

Waldman, 1999; Purchase et al., 2005a; Cadrin et al., 2013; Macdonald et al., 2013). 

These phenotypic traits are a direct reflection of fish demography and growth, which vary 

with genetic, environmental, and anthropogenic influences (Begg et al., 1999; Begg & 

Waldman, 1999; Begg et al., 2005). Genetic influence on life history traits is difficult to 

quantify and measure (Begg et al., 1999); however, the impact of environmental 

conditions and anthropogenic factors on life history traits are well characterized. From an 

environmental standpoint, the environment directly influences fish growth, maturity, and 

age (Begg et al., 1999; Begg & Waldman, 1999; Begg et al., 2005). As a broad example, 

average annual water temperature and productivity decrease at increasing latitudes from 

the equator (New et al., 1999; Vázquez & Stevens, 2004; Lappalainen et al., 2008). 

Correspondingly, fish populations reflect this environmental change by growing more 
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slowly (Lobón‐Cerviá et al., 1993; Belk & Houston, 2002), living longer (Gunderson & 

Dygert, 1988), and maturing at an older age and larger size (Colby & Nepszy, 1981; 

Beverton, 1987; Vollestad, 1992; Jonsson & L'Abée-Lund, 1993; Heibo et al., 2005). 

More locally, the environment varies spatially among and within lakes. Depth and habitat 

differences result in spatial variance in mean water temperature and productivity (Kurek 

& Cwynar, 2009), causing plastic responses in life history trait parameters (Wilson et al., 

2019). The environment can change in a number of ways and on broad or local scales, but 

regardless of how the environment changes, fish life history tends to change with it (Begg 

et al., 1999). Life history traits can therefore be compared spatially to characterize 

subpopulations based on differences in environmental conditions (Begg et al., 1999; 

Cadrin et al., 2013). In this case, spatial variation in life history traits is evidence for 

subpopulations of fish that are different from one another based on existing in a different 

set of environmental conditions (Begg et al., 1999; Begg & Waldman, 1999).  

In addition to variation in the natural environment, fish life history trait 

parameters respond to both direct and indirect anthropogenic factors. Warm-water 

thermal effluent from industrial once-through cooling processes alters local productivity 

and influences growth rate and maturity (Coleman & Koenig, 2010; Prats et al., 2012). 

Climate change causes ever-shifting effects on fish growth rates, reproductive rates, 

mortality, maximum size, and lifespan (Wang et al., 2020). In these cases, anthropogenic 

factors are indirectly altering fish life history by changing the environment, and therefore 

life history parameters. However, anthropogenic factors can also directly influence fish 

populations and life history. For example, targeted commercial fishing pressure can alter 

life history parameters such as mortality, growth rate, maximum size, and lifespan 

https://www.researchgate.net/profile/J-Labee-Lund
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(Genner et al., 2010; Sharpe et al., 2012; Kolding & Zwieten, 2014; Piou et al., 2015). 

Thus, both environmental conditions and anthropogenic pressures influence spatial 

variation in life history trait parameters. 

Life history traits are a popular tool used in fisheries science due to their ability to 

capture multiple elements influencing fish populations. Consequently, life history traits 

have become a widely accepted and broadly applicable approach to characterize 

subdivided populations and determine how they are influenced by environmental 

gradients (Begg et al., 1999; Begg & Waldman, 1999; Abaunza et al., 2008; Jackson et 

al., 2010; Ballagh et al., 2012; Cadrin et al., 2013; Macdonald et al., 2013). For example, 

Jackson et al. (2010) examined spatial variation in snapper (Pagrus auratus) in Shark 

Bay, Australia, using life history traits including age at maturity, maximum age, and 

growth rate. Spatial variation in snapper life history traits indicated three distinct 

subpopulations within Shark Bay. Results were consistent with previous studies and 

supported the idea that snapper should be managed on a finer scale. Borsetti et al. (2018) 

examined waved whelk (Buccinum undatum) populations using life history parameters 

including sex ratio and size at maturity. Both parameters varied spatially, suggesting local 

adaptation by whelk. Management of multiple distinct subpopulations of whelk was 

deemed most appropriate. Life history traits have also been used to determine how 

subpopulations are influenced by geographic gradients. Macdonald et al. (2013) spatially 

compared life history traits including size at maturity, sex ratio, and growth rate of the 

common megrim (Lepidorhombus whiffiagonis) between latitudinal extremes. Spatial 

variation was observed in all life history parameters, suggesting that common megrim 

should be managed as two separate subpopulations, as opposed to one large population. 
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In all of these case studies, knowledge of population structure based on life history traits 

was essential to develop a successful management regime. 

Life history trait parameters have also been used extensively in fresh water to 

understand fish population structure. In the Laurentian Great Lakes, Wang et al. (2008) 

used size and age at maturity to examine spatial and temporal variation in lake whitefish 

(Coregonus clupeaformis) within and among Lakes Michigan, Huron, and Superior. 

Maturation schedules varied between sexes and among systems, and age at maturity 

varied temporally in Lake Michigan and Lake Huron. Kornis et al. (2017) compared life 

history traits including growth at age 2, lifespan, age at maturity, and fecundity in 

invasive round goby (Neogobius melanostomus) from inshore Lake Michigan to adjacent 

tributaries. Round gobies from tributaries grew faster, had shorter lifespans, and had 

lower age at maturity than those in Lake Michigan; however, the cause of life history 

differences could not be determined. Finally, using yellow perch (Perca flavescens) as a 

study organism, Gislason et al. (2018) examined temporal change in life history traits 

including age and size at maturity in Lake Erie. Yellow perch age and size at maturity 

fluctuated widely between 1991 and 2013, with shifts in maturity not explained by 

harvest. Changes in yellow perch maturity were attributed to other drivers such as harvest 

of predator fish stocks and ecosystem shifts. Based on the literature, life history traits are 

an effective tool for characterizing fish populations, and can be used to examine fish 

populations in the Laurentian Great Lakes. 

1.3 Yellow perch importance and status in the Great Lakes and Lake Huron 

The yellow perch is one of the most important species in the Laurentian Great 

Lakes. A freshwater fish in the family Percidae, the yellow perch is native to the Great 
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Lakes region (Roswell et al., 2014), and is a key commercial and recreational fish 

species. For example, millions of kilograms of yellow perch are commercially harvested 

and sold each year, and recreational anglers contribute tens of millions of dollars to local 

economies while pursuing yellow perch in the Great Lakes (Diana et al., 1987; Fielder & 

Thomas, 2006; Craig, 2008). As a result, yellow perch life history trait variation based on 

the environment has been extensively researched in North American fisheries. For 

example, Weber et al. (2011) found that environmental factors such as water temperature 

and prey availability increased yellow perch growth rate and survival among lakes. 

Bacheler et al. (2011) found that regional yellow perch abundance and distribution was 

influenced among lakes by various environmental factors including predation, water 

quality, and density dependent effects. Accordingly, high commercial value and increased 

academic assessment in other waterbodies has resulted in considerable interest in yellow 

perch in the Laurentian Great Lakes. 

Yellow perch life history has been used to examine spatial variation in population 

substructure as well. Purchase et al. (2005b) examined sex specific covariation among 

life history traits of yellow perch from 70 different lakes in North America. Life history 

traits varied among lakes and across spatial scales. Outside of North America, Heibo et 

al. (2005) examined latitudinal variation in life history traits of Eurasion perch (Perca 

fluviatilis), a closely related species. Eurasion perch growth rate, mortality, lifespan, age 

at maturity, and size at maturity were correlated with a gradient of environmental 

conditions associated with increased latitude among lakes. Clearly, life history traits can 

be used to characterize yellow perch populations based on spatial variation. However, 

studies have focused on among-lake variation, and have not been conducted on single, 
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large bodies of water in the Great Lakes region. Consequently, little is known about 

spatial variation in yellow perch populations within large waterbodies, such as the 

Laurentian Great Lakes. 

Yellow perch play a vital role in the Lake Huron food web, acting as a mid-

trophic level consumer while also being prey for larger predatory fish (Hartman & 

Margraf, 1993; Fielder & Thomas, 2006; Ivan et al., 2011; Roswell et al., 2014). Yellow 

perch are economically desirable as well, being the third most commercially harvested 

species in Lake Huron (Speers, 2018), and a highly sought after sportfish by recreational 

anglers (Diana et al., 1987; Craig, 2000; Fielder & Thomas, 2006). Despite their 

importance, yellow perch have declined in abundance over recent decades (Fielder, 2008; 

Fielder, 2010). Diana et al. (1987) first reported yellow perch declines in the Les 

Cheneaux Islands of Lake Huron starting in the late-1970s. Lucchesi (1988) confirmed 

that yellow perch populations were declining in many regions of Lake Huron, but 

particularly in the Les Cheneaux Islands by the mid-1980s. By the mid-1990s, yellow 

perch were significantly less abundant in multiple regions of Lake Huron (Diana et al., 

1997; Belyea et al., 1997), and in 2000, the yellow perch fishery collapsed (Fielder, 2008; 

Fielder, 2010). The cause of the collapse is uncertain; however, researchers found a 

number of environmental and anthropogenic factors were likely at play (Diana et al., 

1987; Diana et al., 1997; Belyea et al., 1997; Fielder, 2008; Fielder, 2010; Speers, 2018).  

Corresponding with yellow perch population decline, a variety of ecosystem 

changes occurred in Lake Huron, ultimately resulting in a major ecosystem regime shift 

by the early 2000s. In 1993, invasive zebra (Dreissena polymorpha) and quagga mussels 

(D. bugensis), invaded Lake Huron (Gobin et al., 2015), changing the benthic 
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invertebrate community (Barbiero et al., 2011a; Barbiero et al., 2011b) and altering 

nutrient and energy distribution (Hecky et al., 2004; Nalepa et al., 2009; Higgins & 

Vander Zanden, 2010; Barbiero et al., 2018). Invasive mussels dominated nearshore and 

offshore benthic habitat, and zooplankton began to decline in response (Nalepa et al., 

2007; Barbiero et al., 2009; Barbiero et al., 2011b; Gobin et al., 2015). In 1997, round 

gobies (Neogobius melanostomus) invaded Lake Huron (Schaeffer et al., 2005). By the 

early 2000s, nearshore and offshore zooplankton populations nearly completely 

disappeared (Nalepa et al., 2007; Nalepa et al., 2009; Barbiero et al., 2009; Barbiero et 

al., 2011b; He et al., 2015; Pothoven et al., 2017). In response to zooplankton 

disappearance, high predator pressure, and extremely cold winter temperatures, alewife 

(Alosa pseudoharengus) populations collapsed in 2003 (Riley et al., 2008; Dunlop et al., 

2010; Barbiero et al., 2011a; Dunlop & Riley, 2013; Gobin et al., 2015; He et al. 2016; 

Riley & Dunlop, 2016). After alewife collapsed, top predators that fed on them, such as 

chinook salmon (Oncorhynchus tshawytscha), began to decline in abundance (Riley et 

al., 2008; Johnson et al., 2010; Brendan et al., 2012; Clark et al., 2017). Overall, Lake 

Huron was becoming increasingly oligotrophic (Barbiero et al., 2011a; Cha et al., 2011; 

Warner & Lesht, 2015; Pothoven et al., 2016; Dai et al., 2019; Stadig et al., 2020), and a 

major shift in the food web was evident by the early 2000s (Ridgway, 2010; Riley & 

Adams, 2010; Gobin et al., 2015; Ridgway & Middel, 2015; Barbiero et al., 2018). 

However, it is unknown how this shift, or the individual components listed, may have 

affected yellow perch life history traits or population structure. 

Since the invasion of dreissenid mussels and the 2003 ecosystem regime shift, 

productivity has changed significantly in Lake Huron. Shallow nearshore areas continue 
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to have higher productivity than deeper offshore areas due to dreissenid filtering, nutrient 

re-suspension, and nutrient loading from tributaries (Stadig et al., 2020). However, algal 

abundance increased in southern nearshore areas of Lake Huron (Barton et al., 2013) 

while offshore nutrients and pelagic productivity decreased further north in the lake 

(Brothers et al., 2016; Stefanoff et al., 2018). Additionally, cold waters in deep areas of 

Lake Huron, such as the Main Basin, have warmed over past decades, but have not 

reached temperature averages equivalent to those found in shallower regions, such as the 

South Basin (Zhong et al., 2019). In Lake Huron, a productivity gradient appears to exist, 

where productivity is high in shallow nearshore areas located in the south of the lake, and 

low in deep offshore areas associated with more northern regions of the lake (Brothers et 

al., 2016; Stefanoff et al., 2018; Dai et al., 2019). In this case, decreasing productivity is 

associated with increasing latitude, similar to that observed by Vázquez & Stevens (2004) 

and Lappalainen et al. (2008). Thus, yellow perch life history traits may vary spatially 

(location in the lake) and temporally (before or after the ecosystem shift) in Lake Huron. 

1.4 Yellow perch management in Lake Huron 

Managing fish in a system as large as Lake Huron presents a substantial 

challenge. In Lake Huron, fish populations cover international boundaries and face a 

wide variety of environmental conditions and anthropogenic stressors over a vast 

geographic area (Sullivan & Stepien, 2014; Eberts et al., 2017). In attempt to address fish 

populations that cover multiple jurisdictions, the Canadian side of Lake Huron is 

managed by division of the lake into 17 distinct management units (Figure 1). 

Management units vary in size, habitat, and fishing pressure (Eberts et al., 2017). Each 

management unit was created based on life history and genetic patterns, as well as the 
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location of spawning grounds of native species (Speers, 2018). Individual management 

units exist as guidelines for index netting and fisheries surveys, but also act as the 

boundaries in which commercial harvest quotas are allotted (Ontario Ministry of Natural 

Resources and Forestry, 2019). Commercial harvest quotas vary among management 

units; each unit is annually assessed, and a set weight or number of fish is allowed to be 

harvested by commercial fishermen (Ontario Ministry of Natural Resources and Forestry, 

2019).  
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Figure 1: Management units (MUs) defined for managing fish species in Lake Huron. 

Management units cover all Canadian waters, encompassing the South Basin (4-5), Main 

Basin (4-1 to 4-3, and Zone-1), Georgian Bay (5-1 to 5-9, and Zones 2 and 3), and the 

North Channel (6-1 and 6-3). 
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Different management units experience a variety of different environmental and 

anthropogenic stressors. For example, different management units cover different 

habitats, which may be more or less impacted by climate change or habitat degradation 

(Wang et al., 2020). Each management unit is also subject to different levels of harvest 

pressure, as commercial and recreational catch quotas vary by management unit (Ontario 

Ministry of Natural Resources and Forestry, 2019). Certain management units are also 

continuously affected by thermal discharge from nuclear power generation or altered 

water chemistry due to runoff or other forms of pollution (Haque et al., 2019). The 

division of Lake Huron into distinct management units is an attempt to address discrete 

environmental and anthropogenic stressors, and ultimately reflect fish population 

structure. However, the accuracy and effectiveness of current management units is 

unknown. For example, in Lake Huron, yellow perch subpopulations may have modified 

their location and migration patterns in response to predation, invasive species, 

commercial harvest pressures, or food web and environmental changes. This is of 

concern for fisheries managers, as yellow perch populations misrepresented by 

management zones may be exposed to longer and more extensive periods of harvest than 

is sustainable (Cadrin et al., 2013; Cooke et al., 2016).  

Currently, relatively little is known about yellow perch population structure in 

Lake Huron. Sullivan & Stepien (2014) performed a population structure assessment of 

yellow perch using genetic markers (microsatellite loci) to study patterns of spawning 

aggregations of yellow perch that return annually to the Huron-Erie corridor. Results 

showed that spawning cohorts were genetically distinct, reflecting reproductive isolation. 

However, this study did not identify where yellow perch cohorts resided for the 
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remainder of the year, and did not reflect all yellow perch in Lake Huron, as only fish 

spawning in the Huron-Erie Corridor were examined. It also lacked the use of life history 

traits, which should be considered when re-assessing population structure for fish in 

management zones that were created using life history dynamics. Temporal change in 

Lake Huron yellow perch is also understudied. Schaeffer et al. (2000) examined the 

effects of temporal change in the benthic community on yellow perch in Lake Huron, and 

found that yellow perch were largely prey limited. The decline of large benthic prey, such 

as mayfly nymphs, resulted in a decline in yellow perch growth rate, maximum size, and 

lifespan, despite harvest mortality being lower over time. Based on the literature, there is 

a deficiency of studies on yellow perch population structure and temporal change in Lake 

Huron.  

Although there is a lack of research on yellow perch population structure and 

whether management units accurately represent subdivided populations, other species 

within Lake Huron have been more thoroughly investigated. For example, Eberts et al. 

(2017) used stable isotopes of carbon (δ13C) and nitrogen (δ15N) to examine lake 

whitefish population structure in Lake Huron and determine if subpopulations were 

accurately represented by management units. Six putative regional groups were found in 

Lake Huron, with several being highly distinct and ecologically unique from one another. 

Spatial linkage between spawning-phase and summer fish was identified, indicating that 

subpopulations of lake whitefish were highly migratory and often overlapping, depending 

on time of year and life stage. It was concluded that management units were too small 

and numerous to reflect the true population structure of lake whitefish in Lake Huron. 



16 
 

Imbalances between management units and population substructure exist in lake 

whitefish in Lake Huron, and could exist for yellow perch as well. 

1.5 Research Objectives, Hypothesis, and Predictions 

Here, I use life history traits to examine yellow perch population structure and 

temporal changes across the Canadian portion of Lake Huron. Overall, I had 3 primary 

research objectives, with a major hypothesis and predictions for each. 

1) Determine yellow perch population structure in Lake Huron based on spatial 

variation in life history traits. My hypothesis for this objective was that yellow perch 

populations vary spatially in Lake Huron based on differences in environment and 

anthropogenic influences. I predicted that yellow perch life history would vary spatially 

along a productivity gradient, in which productivity (based on the environment) decreases 

from south to north. I predicted that fish in similar areas of Lake Huron would have 

similar life history trait values because the environment and anthropogenic influences 

will be the same on a local scale.  

 2) Determine the influence of latitude, longitude, and depth on yellow perch life 

history traits and population structure. My hypothesis was that variables that influence 

environmental conditions would be significant predictors of most life history traits. I 

predicted that latitude and depth would be the most important predictor variables. This is 

based on latitude and depth directly influencing productivity, and correspondingly age at 

maturity, size at maturity, and lifespan (Heibo et al. 2005). I predicted that longitude 

would not be a significant predictor of yellow perch life history traits, because 

productivity and the environment does not vary as much on a longitudinal scale.  
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3) Determine if yellow perch life history, geographic influence, or population 

structure have changed over time. My hypothesis was that yellow perch life history 

values would vary temporally based on the major ecosystem shift in Lake Huron during 

the early 2000s. Specifically, I predicted that measures of growth rates and size would 

decrease, reflecting a more oligotrophic Lake Huron. However, I predicted that the 

importance of geography and the influence of latitude, longitude, and depth would remain 

consistent over time. Correspondingly, I did not expect population structure based on 

groups of fish with similar life history trait values to change over time.  
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2.0 Methods and Materials 

2.1 Life History Trait Data 

My study used data from the Ontario Ministry of Natural Resources and 

Forestry’s (OMNRF) Lake Huron offshore index netting program. This program is used 

to assess fish population status and trends in the Canadian portions of Lake Huron, and is 

based on standardized gill net sets (see Fish Sampling and Data Collection below) 

(Speers, 2018). I separated the data from the OMNRF assessments into two relevant 

timeframe datasets: (1) contemporary—spanning the years 2009–2018; and, (2) 

historical—spanning the years 1990–1999. Timeframe datasets were chosen to reflect 

periods before and after a major ecosystem shift that occurred in Lake Huron in the early 

2000s (Ridgway, 2010; Riley & Adams, 2010; Gobin et al., 2015; Ridgway & Middel, 

2015; Barbiero et al., 2018). Dividing yellow perch samples into contemporary and 

historical datasets allowed me to address all three objectives. Contemporary data enabled 

me to address modern population structure and geographic influence on life history, while 

historical data provided a snapshot of population structure and geographic influence 

before perch populations collapsed. Both datasets were needed to examine temporal 

change in yellow perch life history, geographic influence, and population structure. 

2.2 Fish Sampling and Data Collection  

All fish used in my study were sampled by fisheries biologists from the Lake 

Huron division of the Ontario Ministry of Natural Resources and Forestry’s Upper Great 

Lakes Management Unit, as part of the Offshore Index Assessment Program. The 

Offshore Index Program has remained nearly unchanged since the early 1970s, and has 

consisted of both a fixed and random component in each year of sampling; 
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correspondingly, most index nets were set in approximately the same place every year 

(Speers, 2018).  

Index netting standards are described in the Lake Huron Offshore Index 

Assessment Program 2018 Summary Report (Speers, 2018). Fish were collected from 

2009 to 2018 and 1990 to 1999 using multi-mesh monofilament gill nets set on the lake 

bottom at various locations throughout Lake Huron. Nets contained a 15-m panel of 32 

mm (1.25”) mesh, a 25-m panel of 38 mm (1.5”) mesh, and 50-m panels of 51 mm (2.0”), 

64 mm (2.5”), 76 mm (3.0”), 89 mm (3.5”), 102 mm (4.0”), 114 mm (4.5”), 127 mm 

(5.0”), 140 mm (5.5”), and 153 mm (6.0”) mesh arranged in a standardized random order. 

Nets were set perpendicular to depth contours and distributed across the lake from June to 

September to prevent seasonal bias. All netting was conducted from the OMNRF 

research vessel, the Huron Explorer I. Latitude, longitude, lake depth, Secchi depth, 

weather, and water temperature were recorded at each set, with set duration lasting 20 – 

24 hours. 

When net sets were pulled, catch was divided by mesh size into containers, with 

individual fish fork length, total length, and round weight recorded. Aging structures 

were collected for up to 20 randomly selected individuals of each species in each mesh 

size. For yellow perch, scales were taken as aging structures. Scales were collected from 

below the lateral line in the center of the body, folded in wax paper, and placed in 

envelopes for transport to the lab. At the lab, scales from each fish were pressed onto 

acetate slides and viewed with a dissecting microscope or microfiche projector (Speers, 

2018). Annuli of each scale were counted with the age of each fish recorded, similar to 

that described in Lucchesi & Bruce (2006). Fish were dissected and assessed for maturity 
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(mature or immature) based on the presence or absence of gonads, then further assessed 

for sex based on the presence of thread-like testes (male) or fused ovaries (female) 

(Speers, 2018). All data were archived in a permanent database.  

2.3 Location of Sites and Calculation of Site Latitude, Longitude, and Depth for 

each Dataset 

I used data from each site that was part of the Offshore Index Netting Program for 

each year where possible, and replicated sample sites across time periods where possible. 

Sites were grouped by rounding the recorded sampling location to the nearest 0.1 decimal 

degree of latitude and longitude. Therefore, nets set within a 5 km radius of the initial site 

from the first year of recorded data for each timeframe were considered the same site 

across multiple years. Depth was measured as the average lake depth in metres for each 

site; however, due to the nature of the 0.1 decimal degree buffer used to group sites, 

depth at each site was determined by calculating the mean lake depth from all years in 

both datasets. Thus, sites replicated across the contemporary and historical timeframes 

have measurements of latitude, longitude, and depth that are consistent over time. In each 

dataset, the minimum number of years that qualified a site for inclusion in this study was 

two. Given the variable number of years incorporated across sites, the number of years 

contributing was always included in statistical analysis. 

Contemporary Dataset (2009–2018) 

The above approach led to a total of 20 sites for the contemporary timeframe, that 

span major basins and regions of the Canadian portion of Lake Huron. Sites were 

numerically ordered to increase with increased latitude, which ranged from 43.3 to 46.1 

°N (Table 1). Thus, sites 1 – 6 were located in the South Basin; sites 7, 8, and 10 were 
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located in the Main Basin; sites 9 and 11 – 17 were located in Georgian Bay, and sites 18 

– 20 were located in the North Channel (Figure 2). Site longitude ranged two full 

decimal degrees from -82.0 to -80.0 °W. A wide range of depths were sampled, with site 

depth ranging from 5.8 to 28.4 m. The contemporary dataset included a total of 16,332 

individual yellow perch, with 7,068 male and 9,264 female fish used in the calculation of 

life history traits (Table 1). 
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Table 1: Sites on Lake Huron from OMNRF index netting assessments used to examine 

life history traits of yellow perch in the contemporary timeframe of 2009–2018. Sites are 

shown with associated latitude, longitude, depth, years sampled during the timeframe 

(Time), and sample size for each sex of yellow perch. Latitude is measured in decimal 

degrees north (°N), longitude is measured in decimal degrees west (°W), and depth is an 

average measured in meters (m). The number of fish sampled and used in the study (n) 

for each sex at each site is included. 

 

 

     
# Fish Sampled at 

Each Site 

Site LAT (°N) LON (°W) Depth (m) 

Time 

(years) Male (n) Female (n) 

1 43.3 -81.9 14.7 10 1812 1366 

2 43.3 -82.0 26.3 7 499 69 

3 43.4 -81.8 24.5 3 184 156 

4 43.5 -81.8 12.2 7 610 340 

5 43.6 -81.8 18.5 10 1148 1014 

6 43.8 -81.8 9.0 5 221 173 

7 44.5 -81.4 19.4 9 354 392 

8 44.6 -81.4 28.4 3 145 101 

9 44.7 -80.6 21.0 4 82 140 

10 44.7 -81.3 13.8 7 228 312 

11 44.8 -80.1 19.5 5 101 602 

12 44.9 -80.0 18.2 9 104 664 

13 45 -80.1 16.5 2 13 57 

14 45.3 -80.3 7.3 5 177 512 

15 45.6 -80.4 8.0 2 212 857 

16 45.7 -80.7 5.8 4 135 305 

17 45.9 -81.0 10.4 5 205 324 

18 46 -82.1 11.7 9 444 960 

19 46 -82.3 10.6 9 312 749 

20 46.1 -82.2 13.3 6 82 171 

    TOTAL 7068 9264 
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Figure 2: Collection sites in Lake Huron for OMNRF index netting that produced the 

contemporary dataset used to determine yellow perch life history traits. Red circles 

indicate sample sites and are numerically labelled with an adjacent white circle (0–20). 

Major basins of Lake Huron are labelled. (Original in colour). 
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Historical Dataset (1990–1999) 

A total of 11 sites were used for the historical timeframe (Table 2), all of which 

were also represented in the contemporary timeframe to enable temporal comparison. 

Sites replicated in the historical dataset included 1, 2, 3, 4 and 5 in the South Basin, 7 and 

10 in the Main Basin, 9 in southern Georgian Bay, and 18, 19 and 20 in the North 

Channel (Figure 3). Site 6 in the South Basin, 8 in the Main Basin, and 11 – 17 in 

Georgian Bay were not replicated by the historical dataset due to a lack of yellow perch 

sampled in the index netting program in those areas from 1990–1999. Sites replicated by 

the historical dataset ranged in latitude from 43.3 to 46.1 °N, but only covered a 

longitudinal range of -82.0 to -80.6 °W (Table 2). As a result of this, certain regions of 

Lake Huron, particularly Georgian Bay, were not well represented in the historical 

dataset (Figure 3). Depth ranged from 10.6 to 26.3 m. Sites replicated in the historical 

dataset included a total of 8,296 individuals, with 4,729 male and 3,567 female fish used 

in the calculation of life history trait values (Table 2). 
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 Table 2: Sites on Lake Huron from OMNRF index netting assessments used to examine 

life history traits of yellow perch in the historical timeframe of 1990–1999. Sites are 

shown with associated latitude, longitude, depth, number of years sampled (Time), and 

sample size for each sex of yellow perch; site numbers represent the same locations as 

those used in Table 1. Latitude is measured in decimal degrees north (°N), longitude is 

measured in decimal degrees west (°W), and depth is an average measured in meters (m). 

The number of fish sampled (n) for each sex at each site is also included. 

 

 

 

 

 

 

     
# Fish Sampled at 

Each Site 

Site LAT (°N) LON (°W) Depth (m) 

Time 

(years) Male (n) Female (n) 

1 43.3 -81.9 14.7 8 1260 300 

2 43.3 -82.0 26.3 9 1490 525 

3 43.4 -81.8 24.5 3 118 160 

4 43.5 -81.8 12.2 5 264 172 

5 43.6 -81.8 18.5 9 326 308 

7 44.5 -81.4 19.4 2 19 27 

9 44.7 -80.6 21 4 20 21 

10 44.7 -81.3 13.8 7 703 1309 

18 46 -82.1 11.7 2 43 161 

19 46 -82.3 10.6 7 428 490 

20 46.1 -82.2 13.3 3 58 94 

    TOTAL 4729 3567 
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Figure 3: Collection sites in Lake Huron for OMNRF index netting that produced the 

historical dataset used to calculate yellow perch life history traits. Red circles indicate 

historical sample sites, which are replicates of contemporary sample sites. Black outlined 

circles indicate sites sampled in the contemporary dataset, but not replicated in the 

historical dataset. Sites are numerically labelled with an adjacent white circle (0–20). 

Major basins of Lake Huron are labelled. (Original in colour). 
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2.4 Sex-Specific Life History Trait Estimation 

Sex specific measurement of life history traits is important, as fish size, growth 

rate, maturity, and lifespan may differ between sexes (Purchase et al., 2005a). Thus, I 

assessed fish separately for each site based on sex. Only fish that had measurements of 

size in fork length, age in years, sex, maturity, and location/date caught were used to 

estimate life history traits. Life history traits were estimated using methods described in 

Purchase et al. 2005a and Purchase et al. 2005b. I derived five major life history trait 

metrics for male and female yellow perch in Lake Huron: (1) size at maturity (L50); (2) 

age at maturity (A50); (3) maximum size; (4) lifespan; and (5) growth rate. I defined size 

and age at maturity as the size and age when 50% of the population (sex-specific) reached 

sexual maturity where at least 50 individuals were sampled, similar to that of Purchase et 

al. (2005a). Both size at maturity (fork length, mm) and age at maturity (years) were 

estimated via logistic regression in R (R Core Team, 2017). I estimated maximum size as 

the mean fork length (mm) of the largest 5% of fish sampled, where at least 50 yellow 

perch were collected. Using the largest 5% of fish in an underestimate of maximum size; 

however, it provides an index of maximum size that is repeatable among sites and 

timeframes (Purchase et al., 2005a). I estimated lifespan as the mean age (years) of the 

oldest 5% of fish at sites where at least 50 yellow perch were sampled. Similar to 

maximum size, using the largest 5% of fish is an underestimate of lifespan, but provides 

an index that is repeatable among sites and timeframes. I defined growth rate as early age 

growth, in this case as mean fork length (mm) at age 2. Fork length at age 2 was used as 

the index for early growth rate due to young of the year catch being highly variable 

among sites. Sample size was limited to a minimum of at least five individuals at age 2 
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per site. Only sites that provided data to calculate at least four sex-specific life history 

traits were used for this study. All life history trait estimations were calculated the same 

way across contemporary and historical datasets. 

2.5 Statistical Analysis 

I used generalized linear mixed models (GLMMs) to examine the influence of 

location and depth on mean, population-level life history traits. I built individual GLMMs 

for each life history metric listed above for each sex. The fixed effects included were 

latitude, longitude, and depth, with the number of years sampled as a random effect. The 

random term was included to account for variation in the number of years sampled at 

each site. In the contemporary dataset, life history trait values for all 20 sites were 

calculated and used in mixed model analysis. In the historical dataset and temporal 

comparisons, the 11 sites that were replicated across datasets were used. However, due to 

limited sample numbers in the historical dataset, female maximum size, male lifespan, 

and female lifespan were omitted from analysis. All GLMMs were built in R (R Core 

Team, 2017) using the “lme4” package (Bates et al., 2015) with P-values generated using 

the add-on package “lmertest” (Kuznetsova et al., 2017). Marginal and conditional R2 

values for each GLMM were generated using the “MuMIn” package (Barton, 2020). 

To group sites based on similarities in all life history traits combined, I used K-

means clustering via the “FactoMineR” (Husson et al., 2008) and “factoextra” 

(Kassambara, 2020) packages in R for each dataset. I used the elbow method via 

“factoextra” and “NbClust” (Charrad et al., 2014) to determine the appropriate number of 

clusters for each dataset. Eighteen of the original 20 sites from the contemporary 

timeframe were used for K-means clustering; sites 6 and 13 were omitted because 
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lifespan and growth rate could not be calculated for either sex due to small sample size. 

Eight of the 11 sites from the historical dataset were used for K-means clustering; sites 7, 

9, and 18 were omitted because male and female maximum size, male and female 

lifespan, and male growth rate could not be calculated due to small sample size.  

To compare life history trait values between timeframes, I used a mix of practical 

statistical tests in R. I used Shapiro-Wilk tests to first check if data were normally 

distributed in each timeframe for each sex-specific life history trait. When data met the 

assumption of normality for both timeframes, I used an F-test to check for homogeneity 

in variances in each life history trait. If variance between timeframes was equal (F-test p-

value > 0.05), a classic Student’s t-test was used to determine if the means were 

significantly different between timeframes. If variance was unequal between timeframes 

(F-test p-value < 0.05), a Welch t-test was used to examine differences in the means. If 

data did not meet the assumption of normality across both timeframes for a sex-specific 

life history trait, a non-parametric two-sample Wilcoxon rank-sum test was used. Thus, a 

combination of parametric and non-parametric tests was used to determine whether life 

history trait values differed between timeframes on a lake-wide scale.  
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3.0 Results 

3.1 Contemporary Dataset (2009–2018) 

3.1.1 Life History Trait Variation by Location and Water Depth 

Size and Age at Maturity 

Male size at maturity (L50) ranged 5-fold from 31.8 mm at site 4 in the South 

Basin to 165.9 mm at site 16 in northern Georgian Bay, with a lake-wide average of 

122.7 ± 28.8 mm. In contrast, female L50 was less variable, ranging 1.4-fold from 140.8 

mm to 193.3 mm at sites 17 and 16 in northern Georgian Bay, with an average of 167.0 ± 

12.6 mm lake-wide (Table 3). Latitude, longitude, and depth were not significant 

predictors of male or female yellow perch L50 in Lake Huron (Figure 4; Appendix 

Table S1A and Table S1B). 

Male age at maturity (A50) ranged more than 4-fold from 1.2 years at site 2 in the 

South Basin to 4.8 years at site 15 in northeast Georgian Bay, with a lake-wide average of 

1.2 ± 1.4 years. Female A50 also ranged approximately 4-fold from 0.8 years to 4.1 years 

at sites 17 and 16 in northern Georgian Bay. The lake-wide average for female A50 was 

2.6 ± 0.7 years (Table 3). Male A50 varied significantly with latitude, increasing from 

south to north, and longitude, increasing from west to east (Figure 5A and Figure 5C). 

Depth was not a significant predictor of male A50 (Appendix Table S1C). Latitude was a 

significant predictor of female A50, but age decreased from south to north, opposite to 

the trend observed for males (Figure 5B). Longitude and depth were not significant 

predictors of Female A50 (Appendix Table S1D). 
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Maximum Size 

Male maximum size ranged 1.6-fold from 181.0 mm at site 15 in northeast 

Georgian Bay to 285.3 mm at site 3 in the South Basin, with a lake-wide average of 244.6 

± 30.6 mm. Females were generally larger than males, and maximum size also ranged 

1.6-fold from 214.4 mm at site 16 in northern Georgian Bay to 346.2 mm at site 5 in the 

South Basin. The lake-wide average maximum size for females was 278.64 ± 40.1 mm. 

Male maximum size could not be calculated at site 13 due to a shortage of old-age male 

fish samples (Table 3). Male maximum size varied significantly with latitude, decreasing 

from south to north (Figure 6A). Longitude and depth were not significant predictors of 

male maximum size (Appendix Table S1E). Female maximum size varied significantly 

with latitude, decreasing from south to north, and longitude, decreasing from west to east 

(Figure 6B and Figure 6D). Depth was not a significant predictor of female maximum 

size (Appendix Table S1F). 

Lifespan 

For male perch, lifespan ranged 1.8-fold from 4.0 years at site 10 in the Main 

Basin to 7.1 years at site 2 in the South Basin, and averaged 5.7 ± 0.9 years lake-wide. 

Female lifespan ranged 2.5-fold from 3.7 years at site 13 in southern Georgian Bay to 9.3 

years at site 2 in the South Basin and averaged 6.54 ± 1.4 years lake-wide. Similar to 

male maximum size, male lifespan could not be calculated at site 13 due to a shortage of 

old-age male fish samples (Table 3). Latitude, longitude, and depth were not significant 

predictors of male yellow perch lifespan, while latitude and depth were not significant 

predictors of female yellow perch lifespan (Appendix Table S1G and Table S1H). 
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Longitude was a significant predictor of female lifespan; female lifespan increased from 

east to west (Figure 7D). 

Growth Rate 

Male growth at age 2 (growth rate) ranged only 1.3-fold from 130.8 mm at site 14 

in southern Georgian Bay to 176.2 mm at site 8 in the Main Basin, with a lake-wide 

average of 149.7 ± 13.8 mm. Female growth at age 2 ranged 1.4-fold from 131.7 mm at 

site 16 in northern Georgian Bay to 188.9 mm at site 8 in the Main Basin, averaging 

155.9 ± 15.5 mm lake-wide. Male and female growth rate at age 2 could not be 

determined at site 6 due to a shortage of sampled age-2 fish in both sexes (Table 3). 

Depth was the only significant predictor of male and female growth rate; both male and 

female yellow perch had increased growth at greater depths (Figure 8E and Figure 8F). 

Growth rate was not significantly predictor by latitude or longitude in either sex 

(Appendix Table S1I and Table S1J). 
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Table 3: Sex-specific life history trait values at each site for Lake Huron yellow perch sampled in the contemporary timeframe 

(2009–2018). Length at maturity (L50) measured as fork length in mm, age at maturity (A50) measured as age in years, 

maximum size (max size) measured as fork length in mm, lifespan measured as age in years, and growth at age 2 (growth rate) 

measured as fork length in mm are assessed. The lake-wide average with standard deviation (�̅� ± SD) for each life history trait 

is displayed. Male and female growth rate could not be calculated at site 6, while max size and lifespan could not be calculated 

at site 13; sites that lack measurement for a particular life history trait are listed as N/A (not available). 

 Life History Traits 

 Male Female 

Site L50 A50 Max Size Lifespan 

Growth 

Rate L50 A50 Max Size Lifespan 

Growth 

Rate 

1 111.0 -0.2 270.6 6.7 143.4 174.6 3.2 316.6 7.2 153.0 

2 68.1 -1.2 273.0 7.1 138.0 172.3 3.5 321.0 9.3 134.9 

3 141.9 1.6 285.3 6.6 165.8 179.4 2.6 318.0 7.5 174.6 

4 31.8 -0.4 276.7 6.5 142.6 169.3 3.0 332.2 8.4 143.2 

5 112.1 0.6 269.2 6.2 147.8 183.8 2.8 346.2 7.7 151.9 

6 160.2 -0.7 271.9 6.3 N/A 175.2 2.8 315.3 7.4 N/A 

7 120.7 -0.2 265.5 5.1 164.3 177.7 1.9 320.4 6.1 182.8 

8 122.2 0.4 227.3 5.4 176.3 165.0 1.8 260.8 5.8 188.9 

9 124.7 0.8 224.0 4.3 159.7 165.0 2.3 256.7 5.1 163.8 

10 125.0 -0.1 238.2 4.0 172.4 168.5 2.2 245.4 4.1 181.6 

11 121.6 1.4 257.2 5.4 158.7 151.7 2.5 249.0 6.5 153.7 

12 145.9 2.0 264.6 7.2 164.2 162.0 2.7 262.8 6.3 151.2 

13 140.7 2.0 N/A N/A 143.0 169.2 2.9 220.7 3.7 147.2 
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14 109.8 1.9 217.0 5.2 130.8 148.3 2.9 244.5 6.7 141.9 

15 126.3 4.8 181.0 5.3 130.9 149.0 2.4 234.0 5.5 145.1 

16 165.9 3.5 186.6 4.6 131.6 193.3 4.1 214.4 5.5 131.7 

17 124.9 1.6 196.7 5.3 138.3 140.8 0.8 232.9 6.8 147.7 

18 136.0 1.8 247.5 6.0 147.9 159.7 2.1 301.2 6.9 156.1 

19 139.0 1.9 242.3 6.1 143.7 174.4 2.6 302.9 8.2 157.9 

20 126.0 1.5 253.3 5.5 144.2 160.8 2.2 277.7 6.1 154.8 

�̅� ± SD 

122.7 ± 
28.8 

1.2 ± 
1.4 

244.6 ± 
30.6 5.7 ± 0.9 149.7 ± 13.8 

167.0 ± 
12.6 

2.6 ± 
0.7 278.6 ± 40.1 6.5 ± 1.4 

155.9 ± 
15.5 
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Figure 4: Relationships between size at maturity (L50) and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) 

Male size at maturity versus latitude; (B) female size at maturity versus latitude; (C) 

male size at maturity versus longitude; (D) female size at maturity versus longitude; (E) 

male size at maturity versus depth; and (F) female size at maturity versus depth. Male 

and female size at maturity are measured in mm fork length, latitude is measured in 

decimal degrees north (°N), longitude is measured in decimal degrees west (°W), and 

depth is measured in meters (m). Trendlines based on Generalized Linear Mixed Models 

with 95% confidence intervals shaded in gray are shown. None of the relationships 

shown were significant. 
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Figure 5: Relationships between age at maturity (A50) and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) Male 

age at maturity versus latitude; (B) female age at maturity versus latitude; (C) male age at 

maturity versus longitude; (D) female age at maturity versus longitude; (E) male age at 

maturity versus depth; and (F) female age at maturity versus depth. Male and female age 

at maturity are measured in years, latitude is measured in decimal degrees north (°N), 

longitude is measured in decimal degrees west (°W), and depth is measured in meters 

(m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. Daggers (†) indicate relationships where variables 

were significant predictors of life history trait values.  
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Figure 6: Relationships between maximum size (max size) and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. 

(A) Male maximum size versus latitude; (B) female maximum size versus latitude; (C) 

male maximum size versus longitude; (D) female maximum size versus longitude; (E) 

male maximum size versus depth; and (F) female maximum size versus depth. Male and 

female maximum size are measured in mm fork length, latitude is measured in decimal 

degrees north (°N), longitude is measured in decimal degrees west (°W), and depth is 

measured in meters (m). Trendlines based on Generalized Linear Mixed Models with 

95% confidence intervals shaded in gray are shown. Daggers (†) indicate relationships 

where variables were significant predictors of life history trait values. 
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Figure 7: Relationships between lifespan and predictor variables for yellow perch 

sampled from Lake Huron, Ontario, Canada during the years 2009–2018. (A) Male 

lifespan versus latitude; (B) female lifespan versus latitude; (C) male lifespan versus 

longitude; (D) female lifespan versus longitude; (E) male lifespan versus depth; and (F) 

female lifespan versus depth. Male and female lifespan are measured in years, latitude is 

measured in decimal degrees north (°N), longitude is measured in decimal degrees west 

(°W), and depth is measured in meters (m). Trendlines based on Generalized Linear 

Mixed Models with 95% confidence intervals shaded in gray are shown. Daggers (†) 

indicate relationships where variables were significant predictors of life history trait 

values. 
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Figure 8: Relationships between growth rate at age 2 (growth rate) and predictor variables 

for yellow perch sampled from Lake Huron, Ontario, Canada during the years 2009–2018. 

(A) Male growth at age 2 versus latitude; (B) female growth at age 2 versus latitude; (C) 

male growth at age 2 versus longitude; (D) female growth at age 2 versus longitude; (E) 

male growth at age 2 versus depth; and (F) female growth at age 2 versus depth. Male and 

female growth at age 2 are measured in mm fork length, latitude is measured in decimal 

degrees north (°N), longitude is measured in decimal degrees west (°W), and depth is 

measured in meters (m). Trendlines based on Generalized Linear Mixed Models with 95% 

confidence intervals shaded in gray are shown. Daggers (†) indicate relationships where 

variables were significant predictors of life history trait values. 
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3.1.2 Clustering Based on Life History Traits 2009–2018 

K-means clustering analysis based on all life history traits indicated the best 

model fit for Lake Huron yellow perch contained 6 separate clusters, based on 100 

replicates. Cluster 1 consisted of only site 16 (Figure 9), which was unique to northeast 

Georgian Bay (Figure 10). Yellow perch from site 16 grew slowly, lived short lifespans, 

and reached maturity at a greater size and age than other sites within Georgian Bay and 

the rest of Lake Huron. The population was discrete from others in Georgian Bay and 

Lake Huron. Cluster 2 was composed of four sites including sites 1, 2, 4, and 5 (Figure 

9), all from the South Basin (Figure 10). Yellow perch from sites in cluster 2 grew 

quickly, lived long lives, grew to large sizes, and matured at small sizes and early ages. 

These fish were superior in growth, maturity, and lifespan compared to others around 

Lake Huron. Cluster 3 contained three sites, including sites 14, 15, and 17 (Figure 9), all 

from central Georgian Bay (Figure 10). Fish from cluster 3 grew slowly, matured at a 

small size, did not get large, and lived quick, short lives. Cluster 4 contained three sites, 

including sites 8 and 10 from the Main Basin, and site 9 from southwest Georgian Bay 

(Figure 9); thus, cluster 4 covered two different regions of Lake Huron (Figure 10). Fish 

from cluster 4 had the fastest growth rate among clusters and matured quickly, but did not 

live long lives or grow large; thus, these fish grew fast, but died fast. Cluster 5 was 

composed of sites 3 and 7 (Figure 9) from the South Basin and Main Basin, respectively 

(Figure 10). Therefore, similarly to cluster 4, cluster 5 contained sites from two separate 

regions of Lake Huron. Yellow perch from cluster 5 had fairly fast growth rates, long 

lifespans, and matured early in life and at a smaller size. Cluster 5 existed as a “hybrid” 

cluster between cluster 2 in the South Basin and cluster 4 in the Main Basin, acting as a 
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combination of the two, based on life history. Cluster 6 consisted of five different sites 

including sites 11, 12, 18, 19, and 20 (Figure 9). Cluster 6 also covered multiple regions 

of Lake Huron; sites 11 and 12 were located in southeast Georgian Bay, while sites 18, 

19, and 20 were located in the North Channel (Figure 10). Yellow perch from cluster 6 

had average growth rates, reached maturity at an average size and age, and grew to an 

average maximum size; however, they lived very long lives compared to fish of other 

clusters. Site 6 and 13 were omitted from k-means analysis because neither site had 

measurements for all life history traits (Table 3). 
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Figure 9: K-means cluster plot with site groupings based on similarities in values for the 

suite of life history traits determined for this study. K-means analysis identified 6 distinct 

clusters ranging in size from 1 to 5 sites. Numbers in each cluster correspond with site 

numbers, and sites belonging to the same cluster are colour coded. Sites 6 and 13 were 

omitted from k-means clustering. (Original in colour). 
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Figure 10: Map of collection sites in Lake Huron with sites coloured according to K-

means clustering based on similarity in the suite of life history traits assessed. Major 

basins of Lake Huron are labelled, and sites are numerically labelled with an adjacent 

white circle (0–20). Sites 6 and 13 were omitted from k-means clustering and are 

indicated by a hollow circle. (Original in colour). 
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3.2 Historical Dataset (1990–1999) 

3.2.1 Life History Trait Variation by Location and Water Depth 

Size and Age at Maturity 

Male size at maturity (L50) ranged 7.6-fold from 24.9 mm to 189.5 mm at sites 2 

and 3 in the South Basin, with a lake-wide average of 111.4 ± 52.4 mm. Female L50 

ranged 1.9-fold from 132.6 mm at site 23 in the North Channel to 248.6 mm at site 3 in 

the South Basin, and averaged 171.0 ± 32.0 mm lake-wide (Table 4). Latitude, longitude, 

and depth were not significant predictors of historical male yellow perch L50 in Lake 

Huron (Appendix Table S2A). Latitude was a significant predictor of female L50, which 

decreased from south to north (Figure 11B). Longitude and depth were not significant 

predictors of historical female L50 (Appendix Table S2B). 

In males, historical age at maturity (A50) ranged approximately 3-fold from year 

1 (calculated at -1.7 years) at site 13 in the Main Basin to 3.0 years at site 3 in the South 

Basin, averaging 1.1 ± 1.1 years lake-wide. Historical female A50 ranged 5.7-fold from 

year 1 (calculated at 0.6 years) at site 8 in the Main Basin to 3.5 years at site 3 in the 

South Basin, and averaged 2.2 ± 1.1 years lake-wide (Table 4). Latitude, longitude, and 

depth were not significant predictors of historical male or female yellow perch A50 on 

Lake Huron (Figure 12; Appendix Table S2C and Table S2D). 

Maximum Size 

Historical male maximum size ranged only 1.4-fold from 203.6 mm at site 4 in 

the South Basin to 289.5 mm at site 13 in the Main Basin, and averaged 232.9 ± 23.3 mm 

lake-wide. Historical female maximum size also ranged 1.4-fold, from 248.6 mm at site 
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23 in the North Channel to 344.5 mm at site 13 in the Main Basin. The lake-wide average 

for historical female maximum size was 308.6 ± 31.9 mm (Table 4). Male maximum size 

could not be calculated at sites 7, 9, and 18, while female maximum size could not be 

calculated at sites 7 and 9, both due to a shortage of old-age fish samples. Latitude, 

longitude, and depth were not significant predictors of male yellow perch maximum size 

in the historical timeframe (Figure 13; Appendix Table S2E). Relationships between 

historical female yellow perch maximum size and latitude, longitude, and depth were not 

assessed because models would not converge. 

Lifespan 

Male lifespan ranged 1.6-fold from 4.1 years at site 4 in the South Basin to 6.4 

years at site 22 in the North Channel, with a lake-wide average of 5.1 ± 0.9 years. 

Females ranged 2.2-fold from 4.0 years at site 23 in the North Channel to 8.7 years at site 

4 in the South Basin, and averaged 6.7 ± 1.4 years lake-wide (Table 4). Similar to 

maximum size, male lifespan could not be calculated at sites 7, 9, and 18, while female 

lifespan could not be calculated at sites 7 and 9, both due to a shortage of old-age fish 

samples. Relationships between historical male and female yellow perch lifespan and 

latitude, longitude, and depth were not assessed because models would not converge 

(Figure 14).   

Growth Rate 

Male growth at age 2 ranged only 1.1-fold from 146.2 mm at site 1 in the South 

Basin to 167.5 at site 21 in the North Channel, with a lake-wide average of 154.2 ± 6.1 

mm. Females ranged 1.3-fold from 149.5 mm at site 4 in the South Basin to 188.1 mm at 
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site 21 in the North Channel, and averaged 165.6 ± 10.0 mm lake-wide (Table 4). Male 

growth rate at age 2 could not be determined at sites 7 and 9 due to a shortage of sampled 

age-2 fish. Latitude, longitude, and depth were not significant predictors of historical 

male or female growth rate (Figure 15; Appendix Table S2F and Table S2G). 
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Table 4: Sex-specific life history trait values at each site for Lake Huron yellow perch sampled in the historical timeframe 

(1990–1999). Length at maturity (L50) measured as fork length in mm, age at maturity (A50) measured as age in years, 

maximum size (max size) measured as fork length in mm, lifespan measured as age in years, and growth at age 2 (growth rate) 

measured as fork length in mm are assessed. The mean with standard deviation (�̅� ± SD) for each life history trait is displayed. 

Male max size and lifespan could not be calculated at sites 7, 9, and 18, while male growth rate, female max size, and female 

lifespan could not be calculated at sites 7 and 9; sites that lack measurement for a particular life history trait are listed as N/A 

(not available). 

 Historical Dataset Life History Trait Values 

 Male Female 

Site L50 A50 Max Size Lifespan 

Growth 

Rate L50 A50 Max Size Lifespan 

Growth 

Rate 

1 43.4 0.3 219.8 5.4 146.2 203.1 3.3 304.1 6.4 159.7 

2 24.9 0.5 226.2 5.3 151.2 178.7 2.6 318.9 7.2 166.4 

3 189.5 3.0 231.0 4.2 158.7 248.6 3.5 289.5 5.3 179.2 

4 133.0 1.8 203.6 4.1 147.9 178.2 3.0 340.9 8.7 149.5 

5 67.8 1.2 224.9 4.6 151.2 173.5 2.6 344.5 8.2 158.2 

7 135.0 0.9 N/A N/A N/A 142.3 -0.6 N/A N/A 160.8 

9 164.4 1.7 N/A N/A N/A 150.7 1.9 N/A N/A 164.7 

10 49.0 -1.7 289.5 6.3 157.4 177.2 2.1 341.6 7.8 167.7 

18 138.7 1.0 N/A N/A 167.5 136.5 1.9 319.4 7.3 188.1 

19 143.7 1.5 233.1 6.4 153.4 159.6 2.0 269.5 5.8 159.7 

20 136.0 1.8 235.0 4.3 154.1 132.6 1.8 248.6 4.0 167.4 

�̅� ± SD 

111.4 ± 
52.4 

1.1 ± 1.1 
232.9 ± 

23.3 
5.1 ± 0.9 154.2 ± 6.1 

171.0 ± 
32.0 

2.2 ± 1.1 
308.6 ± 

31.9 
6.7 ± 1.4 

165.6 ± 
10.0 
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Figure 11: Relationships between size at maturity and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. (A) Male 

size at maturity versus latitude; (B) female size at maturity versus latitude; (C) male size 

at maturity versus longitude; (D) female size at maturity versus longitude; (E) male size 

at maturity versus depth; and (F) female size at maturity versus depth. Male and female 

size at maturity are measured in mm fork length, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown. Daggers (†) indicate relationships where variables 

were significant predictors of life history trait values. 
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Figure 12: Relationships between historical age at maturity and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. (A) 

Male age at maturity versus latitude; (B) female age at maturity versus latitude; (C) male 

age at maturity versus longitude; (D) female age at maturity versus longitude; (E) male age 

at maturity versus depth; and (F) female age at maturity versus depth. Male and female age 

at maturity are measured in years, latitude is measured in decimal degrees north (°N), 

longitude is measured in decimal degrees west (°W), and depth is measured in meters (m). 

Trendlines based on Generalized Linear Mixed Models with 95% confidence intervals 

shaded in gray are shown. None of the relationships shown were significant. 
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Figure 13: Relationships between historical maximum size and predictor variables for 

yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. 

(A) Male maximum size versus latitude; (B) female maximum size versus latitude; (C) 

male maximum size versus longitude; (D) female maximum size versus longitude; (E) 

male maximum size versus depth; and (F) female maximum size versus depth. Male 

maximum size is measured in mm fork length, latitude is measured in decimal degrees 

north (°N), longitude is measured in decimal degrees west (°W), and depth is measured in 

meters (m). Trendlines based on Generalized Linear Mixed Models with 95% confidence 

intervals shaded in gray are shown when models converged. None of the relationships 

shown were significant.  
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Figure 14: Relationships between historical lifespan and predictor variables for yellow 

perch sampled from Lake Huron, Ontario, Canada during the years 1990–1999. (A) Male 

lifespan versus latitude; (B) female lifespan versus latitude; (C) male lifespan versus 

longitude; (D) female lifespan versus longitude; (E) male lifespan versus depth; and (F) 

female lifespan versus depth. Male lifespan is measured in years, latitude is measured in 

decimal degrees north (°N), longitude is measured in decimal degrees west (°W), and 

depth is measured in meters (m). No trendlines with 95% confidence intervals are shown 

because models did not converge.  
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Figure 15: Relationships between historical growth rate at age 2 and predictor variables 

for yellow perch sampled from Lake Huron, Ontario, Canada during the years 1990–

1999. (A) Male growth rate at age 2 versus latitude; (B) female growth rate at age 2 

versus latitude; (C) male growth rate at age 2 versus longitude; (D) female growth rate at 

age 2 versus longitude; (E) male growth rate at age 2 versus depth; and (F) female growth 

rate at age 2 versus depth. Male and female growth rate at age 2 are measured in mm fork 

length, latitude is measured in decimal degrees north (°N), longitude is measured in 

decimal degrees west (°W), and depth is measured in meters (m). Trendlines based on 

Generalized Linear Mixed Models with 95% confidence intervals shaded in gray are 

shown. None of the relationships shown were significant. 
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3.2.2 Clustering Based on Life History Traits 1990–1999 

K-means clustering analysis based on 100 replicates indicated the best model fit 

for the historical timeframe was 4 clusters of varying volume. Cluster 1 contained only 

site 3 (Figure 16) in the South Basin (Figure 17). Yellow perch from cluster 1 grew 

extremely fast, but matured at a greater size and older age than those from other clusters. 

Cluster 2 contained only site 10 (Figure 16) from the Main Basin (Figure 17). Yellow 

perch from cluster 2 had average growth rates and reached maturity at an average size 

and age, but grew to a large maximum size and lived long lives. Cluster 3 consisted of 

sites 19 and 20 (Figure 16), both from the North Channel (Figure 17). Yellow perch 

from cluster 3 had moderate growth rates, grew to an average maximum size, took longer 

to reach maturity, and lived longer lives compared to fish of other clusters. Cluster 4 

contained sites 1, 2, 4, and 5 (Figure 16) all located within the South Basin (Figure 17). 

Yellow perch from cluster 4 grew relatively quickly, matured at a small size and early 

age, reached a large maximum size, and lived long lives. Fish belonging to cluster 4 were 

superior growers compared to others around Lake Huron. Sites 7, 9, and 18 were omitted 

from k-means analysis as each site lacked measurements for life history traits. 
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Figure 16: K-means cluster plot with site groupings based on similarities in values for all 

life history traits in the historical era. K-means analysis identified 4 distinct clusters 

ranging in size from 1 to 4 sites. Numbers in each cluster correspond with site numbers, 

and sites belonging to the same cluster are colour coded. Sites 7, 9, and 18 were omitted 

from historical k-means clustering. (Original in colour). 
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Figure 17: Map of collection sites in Lake Huron with sites coloured according to k-

means clustering based on similarity in all life history traits for the historical era. Major 

basins of Lake Huron are labelled, and sites are numerically labelled with an adjacent 

white circle (0–20). Sites 7, 9, and 18 were omitted from historical k-means clustering 

and are indicated by a hollow circle. Sites 6, 8, and 11–17 were not replicated by the 

historical dataset are indicated by a hollow circle with an x. (Original in colour). 



56 
 

3.3 Temporal Comparison  

3.3.1 Lake-wide Life History Trait Variation across Timeframes 

Size and Age at Maturity  

 Male size at maturity (L50) was not significantly different between timeframes 

(Appendix Table S6); variance by site appeared to be higher in the historical timeframe 

than in the contemporary (Figure 18). Similarly, female L50 was not significantly 

different between timeframes (Appendix Table S5) and variance by site appeared to be 

higher in the historical timeframe (Figure 18).  

 Male age at maturity (A50) was not significantly different between timeframes 

(Appendix Table S5). Variance by site appeared to be greater in the contemporary 

timeframe, although the historical timeframe had the highest and lowest observed male 

A50 values (Figure 18). Female A50 was not significantly different between timeframes 

(Appendix Table S6), and variance by site was similar across timeframes (Figure 18). 

Maximum Size 

 Male maximum size was significantly different between the historical and 

contemporary timeframe (Appendix Table S6), indicating that male yellow perch grew to 

a greater maximum size in the contemporary era than they did historically (Figure 18). 

Variance by site appeared to be slightly higher in the contemporary timeframe. Female 

maximum size was not significantly different between timeframes (Appendix Table S5), 

and variance by site appeared to be greater in this historical timeframe (Figure 18). 
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Lifespan 

 Male lifespan was nearly significantly different between timeframes (Appendix 

Table S5); variance by site appeared to be higher in the historical timeframe than in the 

contemporary (Figure 18). Female lifespan was not significantly different between 

timeframes (Appendix Table S5) and variance by site appeared to be higher in the 

historical timeframe (Figure 18). 

Growth Rate 

Male growth rate was not significantly different between timeframes (Appendix 

Table S6). Variance by site was relatively similar between timeframes, but appeared to 

be greater in the contemporary timeframe (Figure 18). Female A50 was not significantly 

different between timeframes (Appendix Table S5), and variance by site appeared to be 

greater in the contemporary timeframe (Figure 18). 
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Figure 18: Box-and-whisker plots of lake-wide Lake Huron yellow perch life history trait 

values for the historical (Hist) and contemporary (Cont) timeframes. Blue boxes 

represent the historical timeframe; yellow boxes represent the contemporary timeframe. 

(A) male length at maturity between timeframes; (B) female length at maturity between 

timeframes; (C) male age at maturity between timeframes; (D) female age at maturity 

between timeframes; (E) male maximum size between timeframes; (F) female maximum 

size between timeframes; (G) male lifespan between timeframes; (H) female lifespan 

between timeframes; (I) male growth at age 2 between timeframes; and (J) male growth  
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at age 2 between timeframes. Daggers (†) indicate relationships where life history is 

significantly different between timeframes. (Original in colour). 
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3.3.2 Variation by Location and Depth across Timeframes  

Size and Age at Maturity  

 In both the historical and contemporary timeframes, latitude, longitude, and depth 

were not significant predictors of male length at maturity (L50) (Appendix Table S2A 

and Table S7A). For female L50, longitude and depth were not significant predictors in 

either timeframe (Appendix Table S2B and Table S7B). Latitude was a significant 

predictor of female L50 in the historical timeframe but not in the contemporary (Figure 

19; Table 5).  

 Male age at maturity (A50) was not significantly predicted by latitude, longitude, 

or depth in either timeframe (Appendix Table S2C and Table S7C). Similarly, longitude 

and depth did not significantly predict female A50 in either timeframe (Appendix Table 

S2D and Table S7D). However, latitude was a significant predictor of female A50 in the 

contemporary timeframe, but not in the historical (Figure 20; Table 5).  

Maximum Size 

 Latitude was a significant predictor of male maximum size in the contemporary 

timeframe, but not in the historical (Figure 21; Table 5). Longitude and depth did not 

significantly predict male maximum size in either timeframe (Appendix Table S2E and 

Table S7E). Latitude and longitude were significant predictors of female maximum size 

in the contemporary timeframe (Figure 22; Table 5), while depth was not (Appendix 

Table S7F). Geographic predictors for female max size were not analyzed for the 

historical timeframe, as models would not converge. Thus, it is impossible to determine 

whether geography predicts female max size differently between timeframes. 
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Lifespan 

 Latitude and longitude were significant predictors of male lifespan in the 

contemporary timeframe (Figure 23; Table 5), while depth was not (Appendix Table 

S7G). Geographic predictors for male lifespan were not analyzed for the historical 

timeframe because models did not converge. Female lifespan exhibited the same 

relationship that male lifespan did: latitude and longitude were significant predictors of 

female lifespan in the contemporary timeframe (Figure 24; Table 5), while depth was 

not (Appendix Table S7H). Geographic predictors were not analyzed for the historical 

timeframe, as models would not converge. Therefore, in both male and female lifespan, it 

cannot be determined whether geography predicts lifespan differently between 

timeframes. 

Growth Rate 

 Male growth rate was not significantly predicted by latitude or depth in either 

timeframe (Appendix Table S2I and Table S7I). Longitude was a significant predictor of 

male growth rate in the contemporary, but not historical timeframe (Figure 25; Table 5). 

Female growth rate was not significantly predicted by any of latitude, longitude, or depth 

in either timeframe (Appendix Table S2J and Table S7J). 
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Figure 19: Relationships between historical (1990–1999) and contemporary (2009–2018) 

female size at maturity (L50) and latitude for yellow perch sampled from Lake Huron, 

Ontario, Canada. (A) Historical female size at maturity versus latitude; (B) contemporary 

female size at maturity versus latitude. Female size at maturity is measured in mm fork 

length, latitude is measured in decimal degrees north (°N). Trendlines based on 

Generalized Linear Mixed Models with 95% confidence intervals shaded in gray are 

shown. A dagger (†) indicates the relationship where latitude was a significant predictor 

of female size at maturity. 
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Figure 20: Relationships between historical (1990–1999) and contemporary (2009–2018) 

female age at maturity (A50) and latitude for yellow perch sampled from Lake Huron, 

Ontario, Canada. (A) Historical female age at maturity versus latitude; (B) contemporary 

female age at maturity versus latitude. Female age at maturity is measured in years, 

latitude is measured in decimal degrees north (°N). Trendlines based on Generalized 

Linear Mixed Models with 95% confidence intervals shaded in gray are shown. A dagger 

(†) indicates the relationship where latitude was a significant predictor of female age at 

maturity. 
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Figure 21: Relationships between historical (1990–1999) and contemporary (2009–2018) 

male maximum size and latitude for yellow perch sampled from Lake Huron, Ontario, 

Canada. (A) Historical male maximum size versus latitude; (B) contemporary male 

maximum size versus latitude. Male maximum size is measured in mm fork length, 

latitude is measured in decimal degrees north (°N). Trendlines based on Generalized 

Linear Mixed Models with 95% confidence intervals shaded in gray are shown. A dagger 

(†) indicates the relationship where latitude was a significant predictors of male 

maximum size. 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Relationships between historical (1990–1999) and contemporary (2009–2018) 

female maximum size, latitude and longitude for yellow perch sampled from Lake Huron, 

Ontario, Canada. (A) Historical female maximum size versus latitude; (B) contemporary 

female maximum size versus latitude; (C) historical female maximum size versus 

longitude; and (D) contemporary female maximum size versus longitude. Female 

maximum size is measured in mm fork length, latitude is measured in decimal degrees 

north (°N), and longitude is measured in decimal degrees west (°W). Trendlines based on 

Generalized Linear Mixed Models with 95% confidence intervals shaded in gray are 

shown when models converged. Models did not converge for historical female maximum 

size, and therefore trendlines with confidence intervals are not included. Daggers (†) 

indicate relationships where variables were significant predictors of life history trait 

values. 
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Figure 23: Relationships between historical (1990–1999) and contemporary (2009–2018) 

male lifespan, latitude and longitude for yellow perch sampled from Lake Huron, Ontario, 

Canada. (A) Historical male lifespan versus latitude; (B) contemporary male lifespan 

versus latitude. (C) historical male lifespan versus longitude; and (D) contemporary male 

lifespan versus longitude. Lifespan is measured in mm fork length, latitude is measured in 

decimal degrees north (°N), and longitude is measured in decimal degrees west (°W). 

Trendlines based on Generalized Linear Mixed Models with 95% confidence intervals 

shaded in gray are shown when models converged. Models did not converge for historical 

male lifespan, and therefore trendlines with confidence intervals are not included. 

Daggers (†) indicate relationships where variables were significant predictors of life 

history trait values. 
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Figure 24: Relationships between historical (1990–1999) and contemporary (2009–2018) 

female lifespan, latitude and longitude for yellow perch sampled from Lake Huron, 

Ontario, Canada. (A) Historical female lifespan versus latitude; (B) contemporary female 

lifespan versus latitude. (C) historical female lifespan versus longitude; and (D) 

contemporary female lifespan versus longitude. Lifespan is measured in mm fork length, 

latitude is measured in decimal degrees north (°N), and longitude is measured in decimal 

degrees west (°W). Trendlines based on Generalized Linear Mixed Models with 95% 

confidence intervals shaded in gray are shown when models converged. Models did not 

converge for historical male lifespan, and therefore trendlines with confidence intervals 

are not included. Daggers (†) indicate relationships where variables were significant 

predictors of life history trait values. 
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Figure 25: Relationships between historical (1990–1999) and contemporary (2009–2018) 

male growth at age 2 (growth rate) and latitude for yellow perch sampled from Lake 

Huron, Ontario, Canada. (A) Historical male growth rate versus latitude; (B) 

contemporary male growth rate versus latitude. Growth rate is measured in years, latitude 

is measured in decimal degrees north (°N). Trendlines based on Generalized Linear 

Mixed Models with 95% confidence intervals shaded in gray are shown. A dagger (†) 

indicates the relationship where latitude was a significant predictor of male growth rate. 
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Table 5: Summary table of Generalized Linear Mixed Model results for historical (Hist) 

and contemporary (Cont) timeframes. Checkmarks () indicate life history traits that 

were significantly predicted by a geographic predictor and X marks () indicate life 

history traits that were not significantly predicted by a geographic predictor for each 

timeframe. Mixed models did not converge for historical female maximum size, male 

lifespan, and female lifespan, and are listed as N/A (not available). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Predictor  

Sex-specific Life 

History Trait 

Latitude Longitude Depth 

Hist Cont Hist Cont Hist Cont 

Male L50       

Female L50       

Male A50       

Female A50       

Male Max Size       

Female Max Size N/A  N/A  N/A  

 Male Lifespan N/A  N/A  N/A  

Female Lifespan N/A  N/A  N/A  

Male Growth Rate       

Female Growth Rate       
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3.3.3 Variation in Clusters Based on Life History Traits across Timeframes 

 Clustering based on life history trait variation was similar across timeframes. 

Major clusters of yellow perch were detected in the South Basin, Main Basin, and North 

Channel in both time periods. In both timeframes, the South Basin contained two unique 

clusters that were distinct from others in Lake Huron, with site 3 belonging to a different 

cluster than sites 1, 2, 4, and 5 in the South Basin. Fish from site 3 were good growers 

across timeframes. Comparatively, fish from sites 1, 2, 4, and 5, were superior growers 

compared to all others around Lake Huron across timeframes. Site 10 in the Main Basin 

made up a cluster unique from others in Lake Huron in both time periods, although 

yellow perch differed in life history between timeframes. In the historical time period, 

yellow perch from site 10 grew slowly and lived long. In the contemporary time period, 

yellow perch from site 10 grew quickly and were short lived. In the North Channel, sites 

19 and 20 made up their own discrete cluster in both timeframes. Fish from the North 

Channel cluster were average in growth and maturity, but lived long in both timeframes. 

Based on replicated sites, there was almost no variation in clusters across timeframes. 

However, temporal variation in clusters could exist in regions of Lake Huron where sites 

were not replicated, for example in the Main Basin, where sites 7 and 8 were not 

replicated, and in the North Channel, where site 18 was not replicated. Temporal 

variation could not be determined for any Georgian Bay clusters because no historical 

sites in Georgian Bay could be used in k-means clustering.  
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4.0 Discussion 

4.1 Contemporary Dataset (2009–2018)  

4.1.1 Life History Trait Variation by Location and Water Depth 

Environmental conditions, such as productivity, directly influence fish life history 

traits. In this case, life history trait values change spatially along a gradient of increasing 

or decreasing productivity (Beverton, 1987; Vollestad, 1992; Jonsson & L'Abée-Lund, 

1993; Lobón‐Cerviá et al., 1993; Belk & Houston, 2002; Heibo et al., 2005). This is 

because productivity encompasses a range of aquatic characteristics including average 

water temperature, average depth, as well as phytoplankton, zooplankton, benthic 

invertebrate, and macrophyte abundance, which directly affect fish life history (Begg et 

al., 1999; Begg & Waldman, 1999; Begg et al., 2005). For example, areas that are deep 

and cold on average, with low phytoplankton, zooplankton, benthic invertebrate, and 

macrophyte abundance, are considered low in productivity (Dai et al., 2019). Life history 

traits reflect low productivity in the form of slow fish growth (Lobón‐Cerviá et al., 1993; 

Belk & Houston, 2002) with long lives (Gunderson & Dygert, 1988) and maturity at an 

older age and larger size (Colby & Nepszy, 1981; Beverton, 1987; Vollestad, 1992; 

Jonsson & L'Abée-Lund, 1993; Heibo et al., 2005). Accordingly, fish life history 

parameters change along productivity gradients; fish grow faster, live shorter lives, and 

mature at younger ages and smaller sizes when productivity is high, and vice versa when 

it is low (Begg et al., 2005).  

 In Lake Huron, productivity is highest in the South Basin, and decreases along a 

latitudinal gradient. Thus, spatial variation in yellow perch life history traits by latitude 

likely reflects a corresponding productivity gradient. For example, yellow perch with life 

https://www.researchgate.net/profile/J-Labee-Lund
https://www.researchgate.net/profile/J-Labee-Lund
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history values associated with high productivity such as early age at maturity, small size 

at maturity, and fast growth rates, were typically located in the South Basin where 

productivity on Lake Huron is known to be high (Dai et al., 2019). Subsequently, fish 

with moderate life history values were usually located in the Main Basin or southern 

Georgian Bay, where productivity is lower than in the south (Brothers et al., 2016; 

Stefanoff et al., 2018; Dai et al., 2019). Fish with life history values associated with low 

productivity such as slow growth rates, long lifespans, and a large age and size at 

maturity, were concentrated in areas of lower productivity, such as northern Georgian 

Bay and the North Channel (Brothers et al., 2016; Stefanoff et al., 2018; Dai et al., 2019). 

My results support my initial hypothesis that yellow perch life history is reflective of a 

productivity gradient in Lake Huron, where productivity is the greatest in the South Basin 

and decreases with latitude.  

Similar to what I observed in Lake Huron, life history trait variation along 

environmental gradients such as productivity have been documented in a variety of 

freshwater fish. For example, Wilson et al. (2019) examined among-lake variation in life 

history traits including growth rate, age at maturity, size at maturity, and reproduction in 

lake trout (Salvelinus namaycush) from western Canada along environmental clines such 

as climate and productivity. Clinal life history trait variation was consistent with growth 

plasticity and local adaptations, and was explained primarily by climate and by 

productivity to a lesser extent. Similarly, Jonsson & L'Abée-Lund (1993) reviewed clinal 

variation in life history traits such as growth rate, age at maturity, and lifespan of 

anadromous brown trout (Salmo trutta) from 102 European rivers varying in latitude. 

Variation in life history traits was explained primarily by latitude, with water temperature 

https://www.researchgate.net/profile/J-Labee-Lund
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and productivity estimated as the most important factors responsible for variation. 

Ultimately, life history trait variation with productivity exists among freshwater systems, 

especially those that differ greatly in latitude; however, my study may be one of the first 

to document fish life history trait variation with productivity within a single large lake. 

Spatial variation in life history trait values was most often on a regional basis 

encompassing fish from several sampling locations. Fish with similar life history trait 

values were from sites immediately adjacent to one another, part of the same region, or 

close enough together that conditions produced similar life history trait values. 

Correspondingly, fish with highly different life history trait values were almost always 

from separate regions of Lake Huron. For example, fish with the lowest life history trait 

values were almost always from a different region than fish with the highest life history 

trait values. Regional variation in life history trait values is similar to what I originally 

hypothesized, where fish from similar areas of Lake Huron would have similar life 

history trait values, but life history values would still vary over the huge area of Lake 

Huron. My findings are similar to those of Happel et al. (2018), who examined spatial 

variation in Lake Huron and Lake Michigan lake trout using stomach contents and fatty 

acid profiles. Lake trout varied within Lakes Michigan and Huron, and between Lakes 

Michigan and Huron, as trout from different regions utilized different prey sources. 

Based on results of Happel et al. (2018) and my findings, regional stratification of fish 

populations is a frequent occurrence within Lake Huron and other Laurentian Great 

Lakes. 

Although spatial variation existed primarily on a regional scale, there was some 

intra-regional variation. Specifically, fish with the lowest female size at maturity were 
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from a site adjacent to fish with the highest female size at maturity, in the same region of 

Lake Huron. The same phenomenon occurred for female age at maturity. In both cases, 

fish with the lowest life history trait values were located at site 16, while fish with the 

highest life history trait values were located at site 17, both in northeast Georgian Bay. 

Although surprising, spatial variation on an intra-regional scale is not a new concept in 

Lake Huron or the Laurentian Great Lakes. For example, Sullivan & Stepien (2014) 

examined genetic variation of seven spawning populations of yellow perch in the Huron-

Erie corridor. Different spawning populations of yellow perch were genetically distinct, 

suggesting high levels of spatial variation within the Huron-Erie corridor. Likewise, 

Eberts et al. (2017) investigated lake whitefish (Coregonus clupeaformis) population 

structure using stable isotopes analyses. Although most spatial variation was between 

major regions, lake whitefish populations varied on an intra-regional scale within 

Georgian Bay. Thus, when considering my study and others, intra-regional spatial 

variation in fish occurs in Lake Huron (particularly in Georgian Bay), which presents a 

unique challenge for fisheries management in Lake Huron.  

Latitude and depth were the most important predictors of yellow perch life history 

trait values, confirming that geography was a primary driver of environmental variation 

in Lake Huron. Latitude was a significant predictor for male and female age at maturity 

and maximum size, while depth was a significant predictor of male and female growth 

rate. Thus, latitude and depth accounted for the majority of geographic influence on 

yellow perch life history, like I initially hypothesized. Similar to my observations, 

latitude was found to be a significant predictor of life history traits in Eurasian perch 

(Perca fluviatilis) (Heibo et al., 2005; Estlander et al., 2017), roach (Rutilus rutilus) 



75 
 

(Lappalainen et al., 2008), Australian salmon (Arripis trutta) (Hughes et al., 2017), and 

over 25 other European freshwater fish species (Blanck & Lamouroux, 2007). Depth has 

also been recorded as a significant predictor of fish life history traits, but typically in 

marine scenarios as opposed to freshwater (Drazen & Haedrich, 2012; Pecuchet et al., 

2017; Winston et al., 2017), possibly because depth range over space is much smaller in 

freshwater lakes and rivers than it is in the ocean (Boehrer & Schultze, 2008). 

Nonetheless, in Lake Huron, latitude and depth are primary drivers of environmental 

condition and therefore fish life history trait values, causing variation in yellow perch 

population characteristics.  

Although latitude and depth were the most important predictors, longitude was an 

occasional predictor of yellow perch life history. Longitude was a significant predictor of 

male age at maturity, female maximum size, and female lifespan. Thus, contrary to my 

original predictions, longitude played a role in predicting life history. This is interesting, 

as longitude only ranged from -82.0 to -80.0 °W, and is typically not associated with a 

gradient of productivity or as a predictor of fish life history. Instead, longitude is used as 

an indicator of local habitat variation, as observed by Garnett & Batzer (2014) in fish 

community structure from floodplains of the greater Altamaha River and Savannah River 

basins. Thus, Lake Huron yellow perch life history variation with longitude could be the 

result of local habitat differences around the lake, as opposed to a gradient of 

productivity, as was the case with latitude and depth. Regardless, longitude plays an 

unexpected role in predicting yellow perch life history in Lake Huron. 
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4.1.2 Clustering Based on Life History Traits 2009–2018 

 At least six discrete clusters of yellow perch exist within Lake Huron, based on 

spatial variation in the suite of life history traits assessed. The discovery of multiple 

clusters of yellow perch corresponds with my initial hypothesis that yellow perch life 

history traits vary in Lake Huron and that yellow perch would be subdivided based on 

spatial variation in life history. However, more importantly, cluster locations provide 

insight into potential locations of yellow perch subpopulations. Clusters of fish based on 

spatial variation in life history have served as indicators of fish population structure in a 

variety of scenarios (Begg et al., 1999; Begg & Waldman, 1999; Abaunza et al., 2008b; 

Cadrin et al., 2013). For example, Abaunza et al. (2008a) used spatial variation in life 

history traits as the basis for recognition of stock management units in horse mackerel 

(Trachurus trachurus), and found several different subpopulations existed in the 

northeast Atlantic Ocean. Similarly, Ballagh et al. (2012) examined population structure 

of blue threadfin (Eleutheronema tetradactylum) across Northern Australia using spatial 

variation in life history traits, and found evidence for highly localised spatial population 

subdivision, to the order of tens of kilometers. In this study, spatial variation in life 

history around Lake Huron is indicative of at least 6 different clusters of yellow perch, 

which may be locations of individual yellow perch subpopulations. 

Using clusters as indicators of potential yellow perch subpopulation locations, 

subpopulations of yellow perch exist primarily between major regions of Lake Huron, 

with some subpopulations existing within Georgian Bay. For example, sites in the South 

Basin, Main Basin, and North Channel belong to one large cluster of yellow perch in each 

region, with regional clusters differing from one another and following a productivity 
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gradient as described above. However, I also discovered 4 distinct clusters of perch 

within Georgian Bay, divided between the southwest, southeast, central, and northern 

areas of Georgian Bay. Correspondingly, other fish populations have been found to be 

structured this way in Lake Huron. For example, Eberts et al. (2017) discovered six 

putative clusters of lake whitefish in Lake Huron using clustering based on stable 

isotopes values of carbon (δ13C) and nitrogen (δ15N). Lake whitefish clusters varied 

primarily by region, and were generally divided between the South Basin, Main Basin, 

North Channel, and Georgian Bay. However, multiple distinct clusters of lake whitefish 

existed in Georgian Bay as well. Thus, based on my findings and those of others, fish 

population structure in Lake Huron is divided primarily between regions, but diversity 

exists within Georgian Bay.  

Certain clusters covered more than one major region of Lake Huron. Cluster 5 

consisted of site 3 from the South Basin and site 7 from the Main Basin; cluster 4 

consisted of sites 8 and 10 from the Main Basin and site 9 from southwest Georgian Bay; 

cluster 6 contained sites 18, 19 and 20 from the North Channel and sites 11 and 12 from 

southeast Georgian Bay. Fish from sites in different regions that belonged to the same 

cluster appear to be geographically isolated, and therefore subpopulation mixing via 

migration is unlikely. For example, although both a part of cluster 6, fish from southeast 

Georgian Bay are presumably not interacting with those in the North Channel. Thus, 

these findings do not indicate that one single “subpopulation” exists across two 

geographically isolated regions; rather, sites from different regions occasionally belong to 

the same cluster because the environment and habitat that influences life history is 

similar, resulting in similar life history trait values (Begg et al., 1999; Begg & Waldman, 
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1999; Begg et al., 2005; Cadrin et al., 2013). Therefore, clusters based on life history 

should not be viewed as exact locations of discrete subpopulations, but as indicators of 

where yellow perch population subdivision may be occurring. In this case, population 

subdivision exists between the South Basin, Main Basin, North Channel, southwest 

Georgian Bay, southeast Georgian Bay, central Georgian Bay, and northern Georgian 

Bay. 

4.1.3 Management Implications 

Clusters based on spatial variation in life history trait values can be compared to 

management units in Lake Huron. Comparing clusters to management units provides 

insight as to whether or not yellow perch population structure is accurately represented by 

management units. In my study, I found that clusters existed primarily between major 

regions of Lake Huron and covered expansive areas of the lake. Correspondingly, 

management units in Lake Huron already cover large areas and exist between major 

regions (Speers, 2018). This is the case in the South Basin, Main Basin, and North 

Channel, where one or two management units completely cover each region. My study 

detected intra-regional variation as well, as I found multiple clusters of fish within 

Georgian Bay. However, in attempt to appropriately represent intra-regional variation in 

Georgian Bay, fisheries management areas are already finely divided and managed there 

(Speers, 2018). For example, Georgian Bay contains over 10 different management units. 

Based on these comparisons, broad-scale division of management units in the South 

Basin, Main Basin, and North Channel, along with fine-scale division of management 

units in Georgian Bay, should be successful in encompassing yellow perch population 

structure.  
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Other studies have compared clusters of fish to management regimes in order to 

test whether management units appropriately represent population structure. Eberts et al. 

(2017) derived clusters of lake whitefish using stable isotopes analyses and compared 

them to management units in Lake Huron. Researchers discovered 6 discrete clusters of 

lake whitefish and found that management units were too small and numerous to reflect 

the true population structure of lake whitefish in Lake Huron, suggesting that 

management unit sizes and locations be reconsidered. In a broader scenario, Jackson et al. 

(2010) examined spatial variation in life history traits of snapper (Pagrus auratus) in 

Shark Bay, Australia, and detected three distinct clusters of snapper within Shark Bay. 

When compared to management units, results supported previous findings that 

management units should be much more fine-scale within Shark Bay to accurately 

represent subdivided snapper populations. When comparing my findings to management 

unit structure in Lake Huron, it appears that current management regimes adequately 

represent yellow perch population structure.  

4.2 Temporal Comparison 

4.2.1 Lake-wide Life History Trait Variation across Timeframes 

 Most yellow perch life history trait values showed no variation across timeframes. 

For example, the only life history trait that showed any significant difference across 

timeframes was male maximum size, which increased temporally. Negligible temporal 

variation in yellow perch life history traits did not align with my initial hypothesis, which 

was that yellow perch life history values would vary over time due to the early-2000s 

ecosystem shift in Lake Huron. Consequently, my predictions that growth rate and size 

would decrease temporally due to Lake Huron becoming more oligotrophic were not 
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supported. However, temporal variation in fish life history values has been observed in 

the Laurentian Great Lakes and beyond. For example, lake whitefish (Coregonus 

clupeaformis) maturation schedules (specifically age at maturity and size at maturity) 

increased temporally in Lake Huron, possibly reflecting plastic responses to decreased 

growth rates associated with the early-2000s ecosystem shift (Wang et al., 2008). 

Likewise, Mangeni-Sande et al. (2019) examined temporal variation in life history traits 

of dagaa (Rastrineobola argentea) in Lake Victoria, and found that mean standard length 

and length at maturity decreased temporally from the 1970s to 2015. Although temporal 

variation in fish life history traits has been observed in other studies, I found little 

temporal variation in the life history traits that I assessed for Lake Huron yellow perch. 

4.2.2 Variation by Location and Depth across Timeframes  

 Yellow perch life history variation with predictors of longitude and depth was 

consistent across timeframes; however, the influence of latitude varied across timeframes. 

For example, depth was not a significant predictor of any life history traits in either 

timeframe, and was therefore consistent temporally. The influence of longitude varied 

only slightly across timeframes; longitude was a significant predictor of male growth rate 

in the contemporary but not historical timeframe, however it was not a significant 

predictor of any other life history traits across timeframes. The greatest variation across 

timeframes was in latitude as a significant predictor of life history traits. Latitude was a 

significant predictor of female size at maturity in the historical but not contemporary 

timeframe, but was also a significant predictor of female age at maturity and male 

maximum size in the contemporary but not historical timeframe. Unfortunately, not all 

life history traits could be compared across timeframes; female maximum size and male 



81 
 

and female lifespan could not be determined for the historical timeframe, which made 

temporal comparisons regarding variation with location and depth impossible for those 

life history traits. However, based on what I could compare, the influence of longitude 

and depth remained relatively consistent temporally, while the influence of latitude varied 

widely across timeframes. These results did not fully match my original hypothesis, 

which was that the influence of latitude, longitude, and depth would remain consistent 

over time.  

 Similar to results of this study, temporal comparisons of fish life history variation 

with location and depth have not shown consistent variation over time. For example, 

Frías-Alvarez et al. (2014) studied spatial and temporal variation in reproductive-based 

life history traits including superfetation, brood size, embryo mass, and reproductive 

allotment for 11 distinct populations of porthole livebearer (Poeciliopsis gracilis) and 

lerma livebearer (Poeciliopsis infans). Brood size varied temporally and spatially among 

populations of porthole livebearer. Furthermore, in both species, brood size varied 

temporally on a monthly scale within populations, while superfetation varied spatially 

and temporally between populations. Other life history traits showed no spatial or 

temporal variation for either species. Palacios-Hernández et al. (2020) examined spatial 

and temporal variation in life history traits including size at maturity and litter size of 

bonnethead shark (Sphyrna tiburo) across latitudinal extremes of the Gulf of Mexico 

between a historical (1993-1994) and contemporary (2007-2014) timeframe. Temporal 

variation was found only in litter size, while latitudinal variation was found only in size at 

maturity and size at maternity. In both of the aforementioned studies, spatial and temporal 

comparisons of fish life history showed inconsistent variation among life history traits 
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and location; in this case, only some life history traits and populations actually showed 

temporal variation. Thus, based on my findings and those of others, temporal variation is 

inconsistent and highly variable among life history traits and locations. 

4.2.3 Variation in Clusters Based on Life History Traits across Timeframes 

 Clusters of yellow perch based on life history trait variation were similar across 

time periods. For example, among replicated sites across both timeframes, clusters of 

perch were found in the South Basin, Main Basin, and North Channel. Additionally, fish 

from site 3 in the South Basin did not belong to the same cluster as fish from the 

remaining South Basin sites, and instead existed as their own cluster of fish in both 

timeframes. These findings correspond with my initial hypothesis, which was that yellow 

perch population structure based on life history trait values would be the same over time. 

My conclusions were different than those in other studies of Great Lakes yellow perch 

population structure. For example, Sullivan & Stepien (2015) investigated temporal 

variation in yellow perch population structure in Lakes St. Clair, Erie, and Ontario using 

genetic analysis of 15 nuclear DNA microsatellite loci from 2001-2009. Genetic diversity 

was similar across sites temporally; however, population structure varied among 

individual years, suggesting that population structure shifts annually based on where 

spawning groups reproduce. Despite yellow perch population structure shifting 

temporally in other waterbodies of the Laurentian Great Lakes, I did not find any 

temporal variation in Lake Huron yellow perch population structure based on life history 

traits. 
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4.2.4 Management Implications 

 Lack of temporal variation in both life history trait values and clusters of fish 

based on life history traits has important implications for management of yellow perch in 

Lake Huron. Although yellow perch faced a variety of stressors that resulted in 

population declines (Diana et al., 1987; Lucchesi, 1988; Diana et al., 1997; Belyea et al., 

1997; Fielder, 2008; Fielder, 2010), ecosystem shifts (Ridgway, 2010; Riley & Adams, 

2010; Gobin et al., 2015; Ridgway & Middel, 2015; Barbiero et al., 2018), altered 

environmental conditions (Hecky et al., 2004; Nalepa et al., 2009; Higgins & Vander 

Zanden, 2010; Barbiero et al., 2011a; Cha et al., 2011; Warner & Lesht, 2015; Pothoven 

et al., 2016; Barbiero et al., 2018; Dai et al., 2019; Stadig et al., 2020), and commercial 

harvest pressure (Diana et al., 1987; Craig, 2000; Fielder & Thomas, 2006; Speers, 2018), 

these changes did not manifest as changes to the measured life history trait parameters. 

Thus, changes to yellow perch populations over the past 40 years have not come about as 

a result of alteration of the life history parameters I measured. Understanding why fish 

populations change, including the direct links to factors affecting demography, is a key 

aspect of fisheries management and predictive planning for the future. For example, if 

oligotrophication of Lake Huron had slowed down growth of yellow perch, but harvest 

pressure remained constant, population decline would be expected without some sort of 

intervention. However, given that I did not find any major life history shifts affecting 

growth, size, or lifespan, going forward managers should most likely focus on factors 

affecting successful reproduction and recruitment, as well as mortality.  
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4.3 Study Limitations 

4.3.1 Contemporary and Historical Dataset Limitations 

I faced a variety of limitations regarding sampling locations in my study. A major 

limitation was the absence of data for the American side of Lake Huron. Yellow perch 

population structure on the American side of the lake remains unexplored, and the picture 

for the whole lake thereby remains incomplete. Future research should attempt to include 

data from the American side of the lake. Additionally, there was a lack of sample sites 

from the northern Main Basin and western Georgian Bay. My study was limited to data 

included in OMNRF databases, and neither database contained yellow perch sampled in 

those locations. This is not the result of lack of sampling effort; the OMNRF Offshore 

Index Program routinely samples these areas (Speers, 2018). Rather, yellow perch are just 

not captured in these areas, so there were no data to use for life history trait calculation. 

As a result, northern Main Basin and western Georgian Bay were not well represented, 

and therefore it is unknown how perch populations are structured in these locales. Given 

the scarcity of yellow perch in these parts of Lake Huron, their absence is not as big a 

factor as the missing American perspective. 

Other study constraints existed with respect to life history trait calculation. Not all 

life history traits were calculated the same way, and use of different methodologies when 

determining life history traits can skew interpretation of life history trait values. In this 

study, 3 different methods were used in life history trait calculation: size and age at 

maturity were inferred from logistic regression, maximum size and lifespan were 

estimated based on the mean of the top 5% of fish sampled, and growth rate was 

estimated based on the mean of all sampled fish at age 2. Each method of life history trait 
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calculation measured a different aspect of the population with a different degree of 

accuracy. For example, life history trait values based on logistic regression are simulated 

measurements that take all sampled fish into account. As a result, these values are highly 

influenced by the number of fish and range of fish size sampled; if the majority of fish 

sampled are small/young and larger year classes are missing, then life history trait values 

based on logistic regression will be extremely small. This explains why some life history 

trait values calculated using logistic regression had low or even negative values across 

timeframes (observed in male size and age at maturity). On the contrary, life history traits 

calculated using only a small subset of the population, for example the top 5% of fish or 

only fish at age 2, are not as influenced by the number of fish sampled or range of fish 

size sampled, as they do not take the entire population into account. Thus, variation in 

methodologies used in life history trait calculation must be taken into consideration when 

analyzing life history trait values and corresponding results.  

4.3.2 Temporal Comparison Limitations 

 Limitations in the temporal comparison almost always originated from the 

historical dataset. For example, in some cases, the historical dataset contained 

inconsistent, low quality data that was not present in the contemporary dataset. I had to 

omit many samples from the historical database in my study because they did not contain 

all necessary measurements to qualify for including in life history trait calculations. 

Additionally, many sites that were to be replicated across timeframes simply did not have 

enough fish sampled in the historical dataset to qualify for the study. Thus, only 11 sites 

could be replicated across timeframes, which cut the number of sites I could use for 

temporal comparison nearly in half. This limited the scope of my temporal comparison by 
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1) making a complete site-replicated comparison of life history trait values and clusters of 

fish across all of the Canadian side of Lake Huron impossible, and 2) reducing important 

data points for investigating whether or not location and depth influenced life history 

traits consistently over time. For example, in the historical dataset, some linear mixed 

models used for examining the influence of location or depth on life history did not 

converge, making any temporal comparison impossible involving those models 

impossible. As a result of these limitations, the temporal comparison was not as robust as 

initially expected, and comparisons of life history variation with location and depth over 

time should be taken with caution. 

4.4 Linking Life History Theory, Yellow Perch Population Ecology, and the 

Environment  

Life history theory is one way of explaining variation in anatomy and behaviour 

of organisms due to processes such as evolution and natural selection. The use of life 

history theory in understanding complex relationships within ecosystems has been 

extensively referenced in ecology, but is also continually evolving. For example, life 

history theory was initially used to understand growth and maturity in one species. 

Charnov & Berrigan (1991) first examined how life history theory could be used to 

derive life history trait parameters in fish. Researchers showed that dimensionless 

numbers could be used to describe relationships between growth and maturity, and 

therefore understand fish based on life history. As the use of life history theory became 

more recognized, studies began to examine interspecific variation based on life history. 

Winkle et al. (1993) compared responses of striped bass (Morone saxatilis) and 

smallmouth bass (Micropterus dolomieu) life history to environmental changes, and 
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found that each species responded independently based on life history. Life history trait 

theory has since progressed, and is now used in an array of complex studies. For 

example, life history theory is now used to predict changes in fish assemblage over 

drought periods (Malone et al., 2021) or different hydrologic regimes (Mims & Olden, 

2012). My study serves as further expansion of the field of life history theory by 

showcasing innovative use of life history theory; in this case, to understand fish 

population structure. Subsequently, my work can serve as reference for future research 

using life history theory. 

My research also provides a modern perspective on yellow perch life history 

theory and biology. Since the 1980s, studies have used life history theory methods similar 

to those in this study to investigate yellow perch biology. For example, Whiteside et al. 

(1985) followed growth rate of yellow perch in their first 70 days after hatch in Lake 

Itasca and found no correlation between growth rate and zooplankton abundance, 

suggesting food availability was not a limiting factor for yellow perch growth rate. 

Likewise, Fisher & Willis (1997) examined early yellow perch life history traits in two 

South Dakota lakes, and found that perch from one lake grew quickly and to desirable 

size, while perch from the other lake grew slowly and did not grow large. Purchase et al. 

(2005b) investigated yellow perch biology by examining covariation in perch life history 

traits in 70 different lakes. Results showed that life history varied between sexes in most 

life history traits examined, and that slow-growing populations matured young and small 

in warm lakes but old and large in cold lakes. Based on this research, examinations of 

yellow perch biology using life history theory have been conducted, although not 
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recently. However, my study accounts for this by serving as modern support for the use 

of life history theory when examining yellow perch biology. 

My study further augments understanding of yellow perch population ecology as 

well. Other studies have used life history traits to examine yellow perch population 

ecology, for example, Dembkowski et al. (2016) studied synchrony of larval perch life 

history across fish populations. Results showed synchrony in larval yellow perch 

abundance and life history across populations. Feiner et al. (2017) examined life history 

traits driving variation in maturation among yellow perch stocks in the Great Lakes, and 

found positive correlations between growth and mortality, with faster-growing stocks 

becoming mature at younger ages but larger sizes. Additionally, stocks that matured at 

large sizes for a given age in females matured at smaller age-specific sizes in males. 

Studies such as these provide valuable information for analyzing yellow perch population 

ecology across multiple waterbodies. However, none of these studies examine yellow 

perch population ecology within a single waterbody. My work builds from these studies 

and expands knowledge of yellow perch life history traits by analyzing fine-scale yellow 

perch population structure within one lake, as opposed to across many different lakes. 

One of the most important aspects of life history theory is the interaction between 

life history and the environment. This relationship is well referenced and understood 

(Begg et al., 1999; Begg & Waldman, 1999; Begg et al., 2005); however, advancements 

in the understanding of life history-environment relationships in freshwater fish are 

limited (Mims & Olden, 2012). As such, studies of freshwater fish using the life history-

environment relationship exist, but are rare for yellow perch. Ward et al. (2017) analyzed 

stocked populations of rainbow trout (Oncorhynchus mykiss) to test predictions from life 
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history theory regarding growth and maturity across climatic and environmental 

gradients. Results supported predictions that life history traits reflect environmental 

variables, but particularly that life history is best explained by climatic effects. Using 

yellow perch as the study organism, Purchase et al. (2005a) attempted to predict life 

history trait values from environmental characteristics of 72 populations across Ontario, 

Canada. Results indicated that lakes with specific environmental characteristics produced 

large, fast growing fish based on life history trait values, confirming the life history-

environment relationship. Similarly, Weber et al. (2011) examined yellow perch life 

history trait values across habitats in southern Lake Michigan, and found that various 

environmental gradients, such as water temperature and wind events, directly influenced 

larval perch growth and survival, again highlighting the life history-environment 

relationship. In my study, changes in environment (specifically productivity) around Lake 

Huron were apparent in perch life history trait values; consequently, I provided further 

support for the life history-environment relationship aspect of life history theory. 
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Table S1: Output from generalized linear mixed models examining the influence of 

latitude, longitude, and depth, on Lake Huron yellow perch sex-specific life history traits 

using data from the contemporary era (2009–2018). A) male size at maturity; B) female 

size at maturity; (C) male age at maturity; (D) female age at maturity; (E) male maximum 

size; (F) female maximum size; (G) male lifespan; (H) female lifespan; (I) male growth 

rate; (J) female growth rate. Beta estimates, 95% confidence intervals, and p-values are 

listed for each predictor. P-values in bold are those that are <0.05 and indicate a 

significant relationship between an effect and sex-specific life history trait. The marginal 

r-squared (R2M) and conditional r-squared (R2C) for each mixed model are included. 

Linear mixed model = Life History Trait ~ Latitude + Longitude + Depth + (1 | 

Time) 

A. Male Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -74.73 -1679.42 – 1720.49 0.933  

 Latitude 10.74 -5.50 – 26.49 0.212  

 Longitude 3.45 -12.46 – 21.43 0.698  

 Depth -0.15 -2.49 – 2.14 0.899  

R2M / R2C 0.153 / 0.282 

B. Female Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 144.88 -534.14 – 838.99 0.687  

 Latitude -6.99 -13.57 –  -0.53 0.053  

 Longitude -4.20 -10.99 – 2.71 0.249  

 Depth -0.39 -1.31 – 0.54 0.428  

R2M / R2C 0.278 / 0.507 

C. Male Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 23.17 -33.07 – 81.50 0.444  

 Latitude 0.70 0.15 – 1.24 0.024  

 Longitude 0.64 0.08 – 1.22 0.044  

 Depth -0.06 -0.14 – 0.01 0.131  

R2M / R2C 0.570 / 0.728 
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D. Female Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 31.88 -6.50 – 68.62 0.118  

 Latitude -0.42 -0.76 – -0.06 0.033  

 Longitude 0.12 -0.26 – 0.489 0.534  

 Depth -0.05 -0.10 – 0.01 0.109  

R2M / R2C 0.233 / 0.233 

E. Male Maximum Size 

 Predictors Estimate 95% CI p  

 (Intercept) 904.18 -251.44 – 1873.70 0.123  

 Latitude -26.60 -35.98 – -15.78 <0.001  

 Longitude -6.42 -17.84 – 3.52 0.259  

 Depth 0.36 -0.97 – 1.82 0.614  

R2M / R2C 0.579 / 0.885 

F. Female Maximum Size 

 Predictors Estimate 95% CI p  

 (Intercept) -998.38 -2170.51 – 43.90 0.106  

 Latitude -26.44 -36.70 – -15.58 <0.001  

 Longitude -30.30 -41.97 – -19.83 <0.001  

 Depth -0.20 -1.57 – 1.39 0.798  

R2M / R2C 0.779 / 0.884 

G. Male Lifespan 

 Predictors Estimate 95% CI p  

 (Intercept) 0.65 -52.68 – 50.87 0.981  

 Latitude -0.40 -0.85 – 0.08 0.117  

 Longitude -0.28 -0.82 – 0.23 0.314  

 Depth 0.00 -0.07 –  0.07 0.972  

R2M / R2C 0.258 / 0.284 

H. Female Lifespan 

 Predictors Estimate 95% CI p  

 (Intercept) -42.96 -113.19 –21.11 0.238  

 Latitude -0.52 -1.12 – 0.12 0.132  

 Longitude -0.90 -1.60 – -0.26 0.021  

 Depth -0.03 -0.12 – 0.07 0.569  

R2M / R2C 0.404 / 0.404 

I. Male Growth Rate 
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 Predictors Estimate 95% CI p  

 (Intercept) 41.72 -615.97 –707.83 0.904  

 Latitude 3.05 -3.61 – 9.68 0.386  

 Longitude 0.70 -5.88 – 7.37 0.841  

 Depth 1.78 0.78 – 2.78 0.003  

R2M / R2C 0.443 / 0.443 

J. Female Growth Rate 

 Predictors Estimate 95% CI p  

 (Intercept) -412.36 -1250.41 – 442.72 0.359  

 Latitude 5.37 -3.17 – 13.82 0.238  

 Longitude -3.71 -12.10 – 4.85 0.408  

 Depth 1.68 0.42 – 2.97 0.021  

R2M / R2C 0.303 / 0.303 
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Table S2: Lake Huron yellow perch sex-specific life history traits and effects of latitude, 

longitude, and depth, with p-values derived from linear mixed models using data from the 

historical timeframe (1990–1999). A) male size at maturity; B) female size at maturity; 

(C) male age at maturity; (D) female age at maturity; (E) male maximum size; (F) male 

growth rate; (G) female growth rate. Beta estimates, 95% confidence intervals, and p-

values are listed for each predictor. P-values in bold are those that are <0.05 and indicate 

that an effect influences a sex-specific life history trait. The marginal r-squared (R2M) 

and conditional r-squared (R2C) for each linear mixed model are included. Values are not 

available for female maximum size, male lifespan, and female lifespan, as mixed models 

did not converge.  

Linear mixed model = Life History Trait ~ Latitude + Longitude + Depth + (1 | 

Time) 

A. Male Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 326.16 -6346.79 – 6999.11 0.926  

 Latitude 24.13 -15.38 – 63.64 0.271  

 Longitude 16.17 -62.28 – 94.62 0.698  

 Depth 2.03 -6.76 – 10.81 0.665  

R2M / R2C 0.139 / 0.262 

B. Female Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -34.61 3006.89 – 2937.68 0.983  

 Latitude -23.67 -41.63 – -5.71 0.037  

 Longitude -15.25 -50.50 – 20.01 0.425  

 Depth 0.68 -3.30 – 4.67 0.747  

R2M / R2C 0.531 / 0.647 

C. Male Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -64.15 -214.74 – 86.44 0.432  

 Latitude 0.22 -0.67 – 1.10 0.650  

 Longitude -0.66 -2.43 – 1.10 0.486  
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 Depth 0.09 -0.11 – 0.28 0.393  

R2M / R2C 0.098 / 0.168 

D. Female Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -27.76 -148.83 – 93.31 0.667  

 Latitude -0.64 -1.35 – 0.07 0.119  

 Longitude -0.73 -2.14 – 0.69 0.349  

 Depth -0.05 -0.20 – 0.11 0.586  

R2M / R2C 0.297 / 0.323 

E. Male Maximum Size 

 Predictors Estimate 95% CI p  

 (Intercept) 5.56e+03 4929.22 – 6185.02 0.660  

 Latitude 25.17 19.00 – 31.34 0.563  

 Longitude 79.20 69.32 – 89.08 0.619  

 Depth 2.94 1.90 – 3.98 0.610  

R2M / R2C 0.825 / 0.992 

F. Male Growth Rate 

 Predictors Estimate 95% CI p  

 (Intercept) 633.63 -491.12 – 1758.38 0.320  

 Latitude 5.76 1.32 – 10.19 0.052  

 Longitude 9.11 -5.70 – 23.91 0.282  

 Depth 0.66 -0.22 – 1.54 0.200  

R2M / R2C 0.451 / 0.451 

G. Female Growth Rate 

 Predictors Estimate 95% CI p  

 (Intercept) -461.94 -1644.42 – 720.54 0.469  

 Latitude 6.21 -0.70 –13.12 0.121  

 Longitude -4.05 -17.87 – 9.77 0.584  

 Depth 1.12 -0.34 – 2.72 0.171  

R2M / R2C 0.267 / 0.267 
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Table S3: Contemporary (2009–2018) sex-specific life history trait values for Lake Huron yellow perch at sites replicated 

across both timeframes. Length at maturity (L50) is measured as fork length in mm, age at maturity (A50) is measured as age 

in years, maximum size (max size) is measured as fork length in mm, lifespan is measured as age in years, and growth at age 2 

(growth rate) is measured as fork length in mm are assessed. The mean with standard deviation (�̅� ± SD) for each life history 

trait is displayed. Male max size and lifespan were omitted at sites 7, 9, and 18, while male growth rate, female max size, and 

female lifespan were omitted at sites 7 and 9, in order to accurately replicate data from the historical era.  

Sites that lack measurement for a particular life history trait are listed as N/A (not available).  

 Reduced Contemporary Life History Trait Values 

 Male Female 

Site L50 A50 Max Size Lifespan 

Growth 

Rate L50 A50 Max Size Lifespan 

Growth 

Rate 

1 111.0 -0.2 270.6 6.7 143.4 174.6 3.2 316.6 7.2 153.0 

2 68.1 -1.2 273.0 7.1 138.0 172.2 3.5 321 9.3 134.9 

3 141.9 1.6 285.3 6.6 165.8 179.4 2.5 318 7.5 174.6 

4 31.8 -0.4 276.7 6.5 142.6 169.3 3.0 332.2 8.4 143.2 

5 112.1 0.6 269.2 6.2 147.8 183.8 2.8 346.2 7.7 151.9 

7 120.7 -0.2 N/A N/A N/A 177.7 1.9 N/A N/A 182.8 

9 124.7 0.8 N/A N/A N/A 165.0 2.3 N/A N/A 163.8 

10 125.0 -0.1 238.2 4.0 172.4 168.5 2.2 245.4 4.1 181.6 

18 136.0 1.8 N/A N/A 147.9 159.7 2.1 301.2 6.9 156.1 

19 139.0 1.9 242.3 6.1 143.7 174.4 2.6 302.9 8.2 157.9 

20 126.0 1.5 253.3 5.5 144.2 160.8 2.2 277.7 6.1 154.8 

�̅� ± SD 
112.4 ± 

31.9 0.6 ± 1.0 

263.6 ± 

15.9 6.1 ± 0.9 149.5 ± 10.9 171.4 ± 7.3 

2.6 ± 

0.5 

306.8 ± 

28.4 7.3 ± 1.4 

159.5 ± 

14.4 
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Table S4: Lake Huron yellow perch sex-specific life history traits with timeframe, 

number of sample sites (n), normality test results (Normality test p), and statistical test 

used for comparison between timeframes. Life history traits include male and female 

length at maturity (L50), male and female age at maturity (A50), male and female 

maximum size (max size), male and female lifespan, and male and female growth at age 

2 (growth rate). Timeframe is separated into modern contemporary (Cont) and historical 

(Hist) eras. Only sites replicated across both timeframes were used in temporal 

comparisons; therefore, n is equal for both timeframes for each life history trait. 

Normality tests with significance (p < 0.05) are bolded and indicate that life history data 

are not normally distributed for that timeframe; therefore the Wilcoxon Rank-sum test is 

used as opposed to an unpaired two-samples t-test. 

Sex-specific Life 

History Trait Timeframe n 

Normality 

test p Statistical test used 

Male L50 
Hist 11 0.141 

Wilcoxon Rank-sum Test 
Cont 11 0.004 

Female L50 
Hist 11 0.173 Unpaired two-samples T-

test Cont 11 0.915 

Male A50 
Hist 11 0.252 Unpaired two-samples T-

test Cont 11 0.329 

Female A50 
Hist 11 0.030 

Wilcoxon Rank-sum Test 
Cont 11 0.653 

Male Max Size 
Hist 8 0.020 

Wilcoxon Rank-sum Test 
Cont 8 0.377 

Female Max Size 
Hist 9 0.343 Unpaired two-samples T-

test Cont 9 0.496 

 Male Lifespan 
Hist 8 0.185 

Wilcoxon Rank-sum Test 
Cont 8 0.096 

Female Lifespan 
Hist 9 0.840 Unpaired two-samples T-

test Cont 9 0.543 

Male Growth Rate 
Hist 9 0.517 

Wilcoxon Rank-sum Test 
Cont 9 0.014 

Female Growth Rate 
Hist 11 0.304 Unpaired two-samples T-

test Cont 11 0.572 
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Table S5: Lake Huron yellow perch life history traits analysed using unpaired two-sample t-tests for the historical (Hist) and 

contemporary (Cont) timeframes. Life history traits with data of a normal distribution based on the normality test (normality 

test p > 0.05) for both timeframes (in Table 7) are shown; this includes female length at maturity (L50), male age at maturity 

(A50), female maximum size (max size), male and female lifespan, and female growth at age 2 (growth rate). The mean with 

standard deviation (�̅� ± SD) and median (Mdn) with interquartile range (IQR) are included. F-tests checked equality of 

variance between timeframes in each life history trait, with the F-statistic (F) and p-value (p) included. When p = < 0.05 for the 

F-test (bolded), variance is not equal across timeframes, so a Welch’s two-sample t-test was used instead of the classic 

Student’s t-test. T-test results include the t-statistic (t), degrees of freedom (d.f.), and p-value. 

 
   F-test for equality of 

variances 

T-test for equality 

of means 

Sex-Specific Life 

History Trait Timeframe �̅� ± SD Mdn (IQR) F p t d.f. p 

Female L50 
Hist 171.0 ± 32.0 173.5 (36.4) 

0.052 <0.001 0.039 11 0.970 
Cont 171.4 ± 7.3 172.2 (12.7) 

Male A50 
Hist 1.1 ± 1.1 1.2 (1.3) 

0.783 0.706 -1.126 20 0.273 
Cont 0.6 ± 1.0 0.6 (1.8) 

Female Max Size 
Hist 308.6 ± 31.9 318.9 (61.8) 

0.795 0.754 -0.116 16 0.909 
Cont 306.8 ± 28.4 316.6 (37.2) 

 Male Lifespan 
Hist 5.1 ± 0.9 5.0 (1.9) 

1.010 0.903 2.143 14 0.050 
Cont 6.1 ± 0.9 6.4 (1.0) 

Female Lifespan 
Hist 6.7 ± 1.4 7.2 (2.5) 

0.992 0.991 0.736 16 0.473 
Cont 7.3 ± 1.4 7.5 (1.8) 

Female Growth Rate 
Hist 165.6 ± 10.0 164.7 (8.0) 

2.064 0.269 -1.094 20 0.287 
Cont 159.5 ± 14.4 156.1 (22.7) 



124 
 

Table S6: Lake Huron yellow perch sex-specific life history traits analysed using 

Wilcoxon Rank-sum tests for the historical (Hist) and contemporary (Cont) timeframes. 

Life history traits that did not follow normal distribution based on the normality test 

(normality test p > 0.05) for at least one timeframe (shown in table 7) are analysed, 

including male length at maturity (L50), female age at maturity (A50), male maximum 

size (max size), and male growth at age 2 (growth rate). The mean with standard 

deviation (�̅� ± SD) and median (Mdn) with interquartile range (IQR) are included, with 

male L50, max size, and growth rate measured in mm fork length, and female A50 

measured in years. Wilcoxon rank-sum test results, including the W-statistic (W) and p-

value, are included. P-values < 0.05 are bolded and indicate that the median values are 

significantly different between timeframes for a particular life history trait. 

 

 

 

 

 

 

 

 

Sex Specific 

Life History 

Trait 

  Wilcoxon Rank-sum test 

Timeframe �̅� ± SD Mdn (IQR) W p 

Male L50 
Hist 111.4 ± 52.4 124.7 (25.0) 

51.5 0.577 
Cont 112.4 ± 31.9 135.0 (94.7) 

Female A50 
Hist 2.2 ± 1.0 2.1 (1.1) 

75.5 0.339 
Cont 2.6 ± 0.5 2.5 (0.8) 

Male Max Size 
Hist 232.9 ± 23.3 228.6 (13.5) 

56.0 0.010 
Cont 263.6 ± 15.9 269.9 (30.7) 

Male Growth 

Rate 

Hist 154.2 ± 6.1 153.4 (8.5) 
19.5 0.070 

Cont 149.5 ± 10.9 144.2 (13.9) 
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Table S7: Output from generalized linear mixed models examining the influence of 

latitude, longitude, and depth, on Lake Huron yellow perch sex-specific life history traits 

from the contemporary timeframe (2009–2018) using data only from sites replicated 

across timeframes. A) male size at maturity; B) female size at maturity; (C) male age at 

maturity; (D) female age at maturity; (E) male maximum size; (F) female maximum size; 

(G) male lifespan; (H) female lifespan; (I) male growth rate; (J) female growth rate. Beta 

estimates, 95% confidence intervals, and p-values are listed for each predictor. P-values 

in bold are those that are <0.05 and indicate a significant relationship between an effect 

and sex-specific life history trait. The marginal r-squared (R2M) and conditional r-

squared (R2C) for each mixed model are included. 

Linear mixed model = Life History Trait ~ Latitude + Longitude + Depth + (1 | 

Time) 

A. Male Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 69.28 -3158.20 – 3296.76 0.968  

 Latitude 25.16 3.02 – 47.30 0.063  

 Longitude 13.56 -24.21 – 51.32 0.507  

 Depth 2.03 -1.81 – 5.87 0.359  

R2M / R2C 0.361 / 0.673 

B. Female Size at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) 130.03 -664.07 – 924.14 0.758  

 Latitude -4.04 -8.80 – 0.73 0.151  

 Longitude -2.67 -11.94 – 6.61 0.591  

 Depth 0.18 -0.84 – 1.20 0.745  

R2M / R2C 0.349 / 0.391 

C. Male Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -70.80 -142.95 – 1.34 0.142  

 Latitude 0.70 0.15 – 1.25 0.064  

 Longitude -0.50 -1.36 – 0.36 0.324  
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 Depth -0.03 -0.10 – 0.05 0.544  

R2M / R2C 0.461 / 0.915 

D. Female Age at Maturity 

 Predictors Estimate 95% CI p  

 (Intercept) -19.82 -61.09 – 21.44 0.378  

 Latitude -0.35 -0.59 – -0.11 0.026  

 Longitude -0.46 -0.95 – 0.02 0.102  

 Depth -0.01 -0.06 – 0.05 0.861  

R2M / R2C 0.563 / 0.563 

E. Male Maximum Size 

 Predictors Estimate 95% CI p  

 (Intercept) -1104.84 -3140.15 – 930.48 0.347  

 Latitude -12.90 -21.34 – -4.47  0.040  

 Longitude -23.61 -50.32 – 3.09  0.158  

 Depth 0.33 -1.25 – 1.92 0.701  

R2M / R2C 0.717 / 0.717 

F. Female Maximum Size 

 Predictors Estimate 95% CI p  

 (Intercept) -4926.12 -8992.38 – -859.86 0.064  

 Latitude -25.67 -41.70 – -9.64 0.026  

 Longitude -78.05 -131.56 – -24.53 0.036  

 Depth -1.18 -4.36 – 1.99 0.498  

R2M / R2C 0.645 / 0.645 

G. Male Lifespan 

 Predictors Estimate 95% CI p  

 (Intercept) -204.1 -225.33 – -182.86 <0.001  

 Latitude -0.79 -0.88 – -0.70 <0.001  

 Longitude -3.00 -3.24 – -2.76 <0.001  

 Depth -0.01 -0.02 – 0.00 0.388  

R2M / R2C 0.974 / 0.997 

H. Female Lifespan 

 Predictors Estimate 95% CI p  

 (Intercept) -358.3 -517.03 – -199.56 0.009  

 Latitude -1.03 -1.68 – -0.39 0.027  

 Longitude -5.02 -7.05 – -2.99 0.010  

 Depth 0.00 -0.12 – 0.12 0.997  

R2M / R2C 0.742 / 0.834 



127 
 

I. Male Growth Rate 

 Predictors Estimate 95% CI p  

 (Intercept) 3427.07 2336.57 – 4517.58 0.002  

 Latitude 5.13 0.32 – 9.92 0.094  

 Longitude 42.84 30.68 – 55.00 0.001  

 Depth 0.34 -0.24 – 0.91 0.376  

R2M / R2C 0.623 / 0.954 

J. Female Growth Rate 

 Predictors Estimate 95% CI p  

 (Intercept) 1306.00 -426.16 – 3038.16 0.183  

 Latitude 4.28 -5.84 – 14.40 0.434  

 Longitude 16.37 -3.87 – 36.62 0.157  

 Depth 0.09 -2.15 – 2.33 0.938  

R2M / R2C 0.243 / 0.243 
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