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    Chapter 25   
 Comparative Genetic Diversity, Population 
Structure, and Adaptations of Walleye 
and Yellow Perch Across North America       

       Carol     A.     Stepien     ,     Osvaldo     J.     Sepulveda-Villet     , and     Amanda     E.     Haponski   

    Abstract     The yellow perch  Perca fl avescens  and the walleye  Sander vitreus  are 
native North American percid fi shes, which have considerable fi shery and ecologi-
cal importance across their wide geographic ranges. Over the past century, they 
were stocked into new habitats, often with relative disregard for conserving local 
genetic adaptations. This chapter focuses on their comparative population structure 
and genetic diversity in relationship to historical patterns, habitat connectivity, dis-
persal ability, distributional abundances, and reproductive behavior. Both species 
possess considerable genetic structure across their native ranges, exhibiting similar 
patterning of discontinuities among geographic regions. The two species signifi -
cantly differ in levels of genetic diversity, with walleye populations possessing over-
all higher genetic variability than yellow perch. Genetic divergence patterns follow 
the opposite trend, with more pronounced differences occurring among closely 
spaced spawning aggregations of yellow perch than walleye. Results reveal broad-
scale correspondence to isolation by geographic distance, however, their fi ne-scale 
population structures show less relationship, often with pronounced genetic 
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 differences among some nearby reproductive groups. Genetic composition of 
spawning groups is stable from year to year in walleye, according to two decades of 
data, and is less consistent in yellow perch. These patterns appear to refl ect funda-
mental behavioral differences between the two species.  

  Keywords     Yellow perch   •   Walleye   •   Genetic diversity   •   Adaptations   •   Geographical 
distribution  

25.1         Introduction to Yellow Perch and Walleye Population 
Genetics 

 The yellow perch  Perca fl avescens  and walleye  Sander vitreus  are North American 
percid fi shes of very signifi cant fi shery value and ecological importance as top pisci-
vores. Both genera,  Perca  and  Sander , are exclusively native to North America and 
Eurasia, with their respective species signifi cantly diverging between the two conti-
nents. In North America,  Perca  contains just a single species – the yellow perch, 
whereas  Sander  has two species – the walleye and the sauger  S. canadensis . There 
are two native Eurasian species of  Perca : the European perch  P. fl uviatilis  and the 
Balkash perch  P. schrenkii , whereas  Sander  has three: the pikeperch  S. lucioperca , 
the Volga pikeperch  S. volgensis , and the sea pikeperch  S. marinus . Their respective 
phylogenies are discussed by Stepien and Haponski in Chap.   1     of this book. 

 Yellow perch and walleye share wide native geographic distributions across 
much of the northeast and north central regions of North America, with both having 
a few isolated relict populations in the southeast. They inhabit a wide diversity of 
lacustrine and fl uvial habitats, ranging from large to small in geographic sizes, with 
their most extensive habitats and greatest abundances occurring in the Laurentian 
Great Lakes – especially in Lake Erie (Scott and Crossman  1973 ; Hubbs and Lagler 
 2004 ). Dating to the mid-1800s, walleye and yellow perch were stocked (artifi cially 
introduced to new areas), throughout much of North America to provide fi shing 
opportunity (USFWS/GLFC  2010 ). These introductions often mixed nonindige-
nous hatchery broodstock with local genotypes, and may have infl uenced the overall 
adaptedness of some indigenous populations. Today’s fi shery managers increas-
ingly recognize the importance of preserving local population variability, and it is 
advisable to perform any supplementation solely with native genotypes specifi c to 
that particular locale. The most prudent action is to protect the habitats of locally 
adapted populations and avoid negative effects of overexploitation, thereby circum-
venting any need to stock. 

 In the northern regions of the ranges of yellow perch and walleye, the habitats 
and basins of the Great Lakes region were formed and reshaped by the Laurentian 
Ice Age glaciations, leading to their present confi guration about 4000–12,000 years 
ago (ya). During the glaciations, yellow perch, walleye, and other aquatic species 
migrated southward of the ice sheets, where their populations were concentrated in 

C.A. Stepien et al.

http://dx.doi.org/10.1007/978-94-017-7227-3_1


645

restricted glacial refugia areas. Three primary North American glacial refugia are 
recognized (marked on Fig.  25.1 ): the Mississippian Refugium in the central U.S., 
the Missourian Refugium to the west, and the Atlantic Refugium to the east (Bailey 
and Smith  1981 ; Crossman and McAllister  1986 ; Mandrak and Crossman  1992 ). 
Following the glacial meltwaters, aquatic taxa migrated along tributary pathways 
leading from the three refugia into the reformed waterbodies of the Great Lakes and 
other northerly habitats (see Fig.  25.1 ). Today’s northern populations of yellow 
perch, walleye, and other fi shes appear to retain the signatures of their genetic ori-
gins from the respective glacial refugia (summarized by Sepulveda-Villet and 
Stepien ( 2012 ) for yellow perch and Stepien et al. ( 2009 ) for walleye). Yellow perch 
and walleye, although they now are adapted to the large inland “seas” that comprise 
the Great Lakes, have their ecological and evolutionary origins in fl uvial systems 
rather than large, lacustrine basins.

   The genetic composition and structure of yellow perch, walleye, and other 
aquatic species have been shaped from the past through the present by their relative 
(1) dispersal abilities and migration behavior, (2) abundances and distributions 
across waterways, (3) habitat requirements, quality, and connectivity, and (4) repro-
ductive behavior and spawning site fi delity. Large connected spans of suitable habi-
tats, as found in the Great Lakes basins and tributaries, offer a variety of environmental 
resources for diverse populations, refl ecting an interplay between migration oppor-
tunity and localized adaptation (see Lindsay et al.  2008 ; Vandewoestijne et al.  2008 ; 
Kunin et al.  2009 ). Aquatic habitats frequently are connected by narrow and rela-
tively ephemeral connections that link populations during migration and dispersal, 
but whose habitats may pose distinct biological challenges. For example, small con-
necting channels extensively vary in size and habitat complexity, and differ in avail-
able food and shelter. These factors then infl uence population variability and local 
adaptations. In contrast, isolated relict populations with little connectivity may pos-
sess lower overall genetic diversity due to the infl uences of genetic drift, bottle-
necks, and selection (Moran and Hopper  1983 ; Petit et al.  2003 ; Coulon et al.  2012 ). 
Such relict and “rear edge” populations (those found in fringe latitudinal portions of 
the native range, as in the southeastern U.S. for yellow perch and walleye) may 
serve as critical repositories of genetic diversity and provide possible sources for 
future range expansion in the face of climate change (see Hampe and Petit  2005 ; 
Diekmann and Serrão  2012 ). These hypotheses are explored and discussed in this 
chapter for yellow perch and walleye, in order to provide an understanding of their 
shared and different population patterns.  

25.2     Reproduction of Yellow Perch and Walleye in Relation 
to Their Population Genetic Structure 

 Cued by gradual changes in water temperature and photoperiod, walleye aggregate 
to reproduce in early spring in slow-moving tributaries or on shallow reef com-
plexes in lacustrine systems (Craig  1987 ; Kreiger et al.  1983 ; Colby et al.  1994 ). 
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  Fig. 25.1    Maps showing sampled spawning populations for ( a ) yellow perch ( triangles ) and wall-
eye ( circles ) across North America, and genetic barriers for ( b ) yellow perch and ( c ) walleye. ( a ) 
 Box  shows the HEC (Huron-Erie Corridor),  thick dashed line  indicates maximum extent of the 
Wisconsinan glaciations,  arrows  denote likely routes of post-glacial population colonizations 
(adapted from Mandrak and Crossman  1992 ). ( b, c )  Grey lines  ( solid  = microsatellite data,  dashed  
= mtDNA control region sequences) defi ne major barriers to gene fl ow calculated based on geo-
graphic coordinates (latitude and longitude) and genetic divergence ( F  ST ) from BARRIER v2.2 
analysis (Manni et al.  2004 ;   http://ecoanthropologie.mnhn.fr/software/barrier.html    ). These are 
ranked I–V for the microsatellite and 1–5 for the mtDNA control region data sets, in order of their 
decreasing magnitude (Barriers are modifi ed from results of Stepien et al. ( 2009 ), Sepulveda-Villet 
and Stepien ( 2012 ), and Haponski and Stepien ( 2014a ))       
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Yellow perch reproduce in similar habitats, about a month later at warmer 
 temperatures (Scott and Crossman  1973 ; Carlander  1997 ; Jansen et al.  2009 ). 
Spawning of the two species occurs much earlier in the southern U.S., and much 
later in the Canadian north (Carlander  1997 ; Craig  2000 ). 

 Walleye often migrate long distances to propagate (Kreiger et al.  1983 ; Colby 
et al.  1994 ; Craig  2000 ), homing to their natal sites, as indicated by tagging studies 
(Ferguson and Derkson  1971 ; Wolfert and Van Meter  1978 ; Jennings et al.  1996 ) 
and genetic divergence data among their spawning groups (Stepien and Faber  1998 ; 
Strange and Stepien  2007 ; Stepien et al.  2009 ,  2010 ,  2012 ). Notably, 
 mark-and- recapture studies have recovered most Lake Erie and Lake St. Clair wall-
eye near their original spawning sites during the subsequent spring reproductive 
season(s) (Wang et al.  2007 ). A study by Jennings et al. ( 1996 ) tracked the spawning 
returns of laboratory-reared walleye after release in the fi eld, indicating that natal 
homing is a genetically based response to environmental cues. 

 Spring spawning migrations of yellow perch are shorter and it is presumed that 
they also return to specifi c natal sites in shallow waters (Aalto and Newsome  1990 ; 
Carlander  1997 ; Craig  2000 ). Yellow perch that were captured and tagged during 
the reproductive season and released many km distant in the eastern basin of Lake 
Erie, then returned to their tagging locations (MacGregor and Witzel  1987 ) – impli-
cating homing. Separate studies by Clady ( 1977 ), Rawson ( 1980 ), and the Ontario 
Ministry of Natural Resources (OMNR  2011 ) likewise found that most yellow 
perch tagged during spawning were recovered at or very close to their initial repro-
ductive locations in subsequent years. For example, yellow perch spawning groups 
located just a few km apart (17 km) in central Lake Erie were found to diverge from 
one another in genetic and morphological composition (Kocovsky et al.  2013 ). This 
suggests that spawning populations likely comprise natal groups at specifi c loca-
tions (Kocovsky et al.  2013 ; Sullivan and Stepien  2015 ). Aalto and Newsome ( 1990 ) 
removed yellow perch egg masses from given spawning sites, which led to fewer 
fi sh returning to that location in subsequent years than in control sites, suggesting 
that they returned to the same spawning areas year after year. It is hypothesized that 
imprinting occurs during the early life history of walleye and yellow perch, with 
their highly developed olfactory systems used to detect natal sites and/or the phero-
mones of neighbors (see Horrall  1981 ; Gerlach et al.  2001 ). 

 Stepien et al. ( 2012 ) analyzed the genetic structure of walleye reproducing at 
three well-known spawning locations in Lake Erie, encompassing 6 years of 
spawning runs from 1995 to 2008. The genetic composition of each population 
group, based on nine nuclear microsatellite loci (see Tables  25.1  and  25.2 ), 
remained similar from year to year, among age cohorts, between the sexes, and 
from generation to generation (Stepien et al.  2012 ). In contrast, although the 
genetic composition of yellow perch spawning aggregations differed signifi cantly 
from location to location across broad and fi ne geographic scales (Sepulveda-Villet 
and Stepien  2011 ), there were some signifi cant differences at the same location 
from year to year (Sullivan and Stepien  2015 ). This suggests that although yellow 
perch may reproduce together with a specifi c population group (believed to be their 
natal group), specifi c spawning locales may vary from year to year. Thus, the site 
fi delity to specifi c reproductive locations may differ between yellow perch and 
walleye, which remains to be experimentally investigated.
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     Table 25.1    Summary of genetic variation per microsatellite locus for yellow perch (N = 892) and 
walleye (N = 1125) evaluated in this chapter, showing number of alleles ( N  A ), allelic size range 
(base pairs, bp), inbreeding coeffi cient ( F  IS , average divergence within a spawning group), and 
mean genetic divergence among sampling locales ( F  ST ). These loci are used in Tables  25.2 ,  25.3 , 
and  25.4 , and Fig.  25.1 . Results were determined using FSTAT v2.9.3.2 (Goudet  1995 ,  2002 ; 
  http://www2.unil.ch/popgen/softwares/fstat.htm    ) and are summarized from Sepulveda-Villet and 
Stepien ( 2012 ), Stepien et al. ( 2009 ,  2010 ,  2012 ), and Haponski and Stepien ( 2014a )   

 Yellow perch  Walleye 

 Locus  Source   N  A  
 Size 
range   F  IS    F  ST    N  A  

 Size 
range   F  IS    F  ST  

  Svi 2  Eldridge et al. 
( 2002 ) 

 18  184–218  0.149  0.360  30  178–258  0.006  0.071 

  Svi 7  Eldridge et al. 
( 2002 ) 

 14  162–212  0.328  0.280  28  140–208  0.068  0.113 

  Svi 4  Borer et al. 
( 1999 ) 

 42  108–198  0.101  0.149  19  98–140  0.033  0.110 

  Svi 17  Borer et al. 
( 1999 ) 

 30   96–190  0.170  0.133  15  92–120  −0.011  0.150 

  Svi 33  Borer et al. 
( 1999 ) 

 51   76–178  0.246  0.087  26  72–128  0.020  0.067 

  Svi 3  Eldridge et al. 
( 2002 ) 

 14  112–156  0.161  0.287  –  –  –  – 

  YP 13  Li et al. ( 2007 )  23  214–280  0.289  0.348  –  –  –  – 
  YP 17  Li et al. ( 2007 )  16  191–241  0.133  0.243  –  –  –  – 
  Mpf 1  Grzybowski 

et al. ( 2010 ) 
 53  171–347  0.143  0.048  –  –  –  – 

  Mpf 2  Grzybowski 
et al. ( 2010 ) 

 51  203–311  0.131  0.036  –  –  –  – 

  Mpf 3  Grzybowski 
et al. ( 2010 ) 

 27  103–179  0.048  0.158  –  –  –  – 

  Mpf 4  Grzybowski 
et al. ( 2010 ) 

 35  171–247  0.172  0.100  –  –  –  – 

  Mpf 5  Grzybowski 
et al. ( 2010 ) 

 24  127–171  0.086  0.253  –  –  –  – 

  Mpf 6  Grzybowski 
et al. ( 2010 ) 

 21  100–164  0.182  0.261  –  –  –  – 

  Mpf 7  Grzybowski 
et al. ( 2010 ) 

 29  128–200  0.050  0.141  –  –  –  – 

  Svi 6  Borer et al. 
( 1999 ) 

 –  –  –  –  31  126–246  0.065  0.071 

  Svi 18  Borer et al. 
( 1999 ) 

 –  –  –  –  8  114–128  0.094  0.124 

  Svi L6  Wirth et al. 
( 1999 ) 

 –  –  –  –  22  92–140  −0.006  0.072 

  Svi L7  Wirth et al. 
( 1999 ) 

 –  –  –  –  29  160–238  0.046  0.031 

 Total  –  448  –  0.150  0.175  208  –  0.034  0.079 
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    During their respective spring reproductive seasons, males move into the spawn-
ing areas fi rst, arriving before females by a few weeks and lingering longer at the 
sites (Scott and Crossman  1973 ; Craig  2000 ; Simon and Wallus  2006 ). Single 
females spawn with several males. The female yellow perch lays a long gelatinous 
egg strand (to 2.1 m long), which contains 10,000–40,000 eggs, over submerged 
vegetation or other structures at night or in early morning. As the egg mass is released 
by the female, it is externally fertilized by a cluster of 2–25 male yellow perch, who 
closely follow her and often are in close proximity to other spawning clusters (Scott 
and Crossman  1973 ; Mangan  2004 ; Simon and Wallus  2006 ). In contrast, each 
female walleye releases thousands of separate eggs at night, which are externally 
fertilized by a swarm of one to six males (Kerr et al.  1997 ). The walleye eggs settle 
into crevices, where they adhere to rocks or gravel with their sticky outer coating of 
muco-polysaccharides (Craig  2000 ; Barton and Barry  2011 ). Female walleye tend 
to spawn over several days, and males of both species fertilize the eggs of multiple 
females over several days or weeks (Craig  2000 ; Simon and Wallus  2006 ). 

 Neither species provides any parental care (Trautman  1981 ; Zhao et al.  2009 ). 
After spawning the adults move to nearby bays and other littoral areas, and then 
travel offshore to summer feeding grounds (Kerr et al.  1997 ; Craig  2000 ). Eggs of 
both species hatch over a period ranging from 10 days to three weeks, depending on 
water temperature (Simon and Wallus  2006 ). More rapid development and better 
survival occurs at warmer temperatures (Scott and Crossman  1973 ; Kerr et al.  1997 ; 
Roseman et al.  2005 ).  

25.3     Movements and Behavior of Larval and Juvenile Yellow 
Perch and Walleye, in Relation to Their Population 
Genetics 

 Larvae of yellow perch (4–7 mm) and walleye (6–9 mm) hatch with small yolk 
sacs (Scott and Crossman  1973 ; Bozek et al.  2011a ). Yellow perch larvae swim 
in a coordinated manner at hatching (Fulford et al.  2006 ). In contrast, walleye are 
reported to swim to the surface aided by a large oil globule in the yolk, then sink 
back to the bottom, and by the second day are free swimming (Simon and Wallus 
 2006 ). Larvae of both species drift with currents to nearshore nursery areas in 
shallow vegetated areas (Craig  2000 ; Jones et al.  2003 ; Roseman et al.  2005 ). 
They begin to feed after their yolk sacs are absorbed, consuming phytoplankton 
and small zooplankton, and grouping with conspecifi cs of similar size in schools 
(Collette et al.  1977 ; Kerr et al.  1997 ; Craig  2000 ; Simon and Wallus  2006 ). It is 
hypothesized, but untested, that they may school with their natal site cohorts. 

 Successful location and capture of prey items of appropriate size and nutrition are 
critical for survival of the larvae, as well as avoiding predation (see Fulford et al.  2006 ; 
Beletsky et al.  2007 ). These two factors – feeding and avoiding predation – impose 
high selective pressures, and favor those with better-developed sensory organs and 
greater swimming ability (Li and Mathias  1982 ; Craig  2000 ; Simon and Wallus  2006 ). 
Water turbidity is believed to augment survival, facilitating predator avoidance 
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(Roseman et al.  2005 ; Manning et al.  2013 ). The larval pelagic stage lasts for about 
30–40 days, with yellow perch transitioning to become increasingly benthic, but 
remaining in schools throughout life (summarized by Fulford et al.  2006 ; Simon and 
Wallus  2006 ). In contrast, most walleye remain more pelagic and become solitary, 
whereas other individuals are reported to school (Craig  2000 ; Simon and Wallus  2006 ). 

 The young-of-year move into deeper water as juveniles in late spring (Craig 
 2000 ). Larger juvenile walleye become piscivorous, eating a variety of fi sh species 
(including conspecifi cs), as well as zooplankton – especially when forage fi sh are 
low in abundance (Collette et al.  1977 ; Craig  2000 ; Bozek et al.  2011a ). In the Great 
Lakes, the invasive Eurasian round goby  Neogobius melanostomus  increasingly has 
become important in the diets of both yellow perch and walleye (Truemper and 
Lauer  2005 ; Kornis et al.  2012 ).  

 Parker et al. ( 2009 ) found that age-1 juvenile yellow perch differed in morphol-
ogy and genetically at 12 nuclear DNA microsatellite loci between populations in 
Lake Huron and Lake Michigan, with those from Lake Huron having deeper, longer 
bodies and larger dorsal fi ns. The researchers also discerned morphological and 
genetic differences between juveniles living in nearshore versus wetland habitats in 
Lake Michigan. Juveniles inhabiting nearshore areas from both lakes had deeper, 
longer bodies and larger dorsal fi ns than did those occupying wetlands, which might 
refl ect an adaptive response to predators and open-water cruising. Differences 
between habitats across the lakes were hypothesized to refl ect plasticity between 
phenotypic and genetic divergence (Parker et al.  2009 ).  

25.4     Non-reproductive Movements and Behavior of Adult 
Yellow Perch and Walleye in Relation to Population 
Genetics 

 After the reproductive season, movements of adult yellow perch and walleye largely 
are determined by habitat complexity, food availability, and foraging capacity (Roseman 
et al.  2005 ; Radabaugh et al.  2010 ). Juvenile and adult yellow perch typically are found 
in schools, which likely facilitate foraging and predator avoidance (Helfman  1984 ; 
Craig  2000 ). In comparison, walleye are either solitary or found in smaller schools as 
adults (Craig  2000 ; Simon and Wallus  2006 ). Whether the schools of yellow perch are 
structured based on kinship has not yet been evaluated (see Sullivan and Stepien  2015 ). 
However, schools of the closely related European perch have been shown to contain 
large numbers of related individuals, which recognize one another via chemical and 
physical cues (Gerlach et al.  2001 ; Behrmann- Godel et al.  2006 ). 

 Walleye typically range widely to feed at non-reproductive times of the year, 
travelling distances from 50 to 300 km (see Colby et al.  1979 ; Wang et al.  2007 ; 
Bozek et al.  2011b ). In contrast, a study of yellow perch tag returns by Haas et al. 
( 1985 ) determined that post-spawning movements are moderate; individuals tagged 
at Lake Erie spawning sites did not move upstream through the Huron-Erie Corridor 
(HEC; see Fig.  25.1 ), which connects Lake Huron to Lake Erie via the St. Clair 
River, Lake St. Clair, and the Detroit River. Some yellow perch that were tagged in 
Lake St. Clair migrated to nearby tributaries (Haas et al.  1985 ). Likewise, Dumont 

C.A. Stepien et al.



653

( 1996 ) found little movement of tagged yellow perch along the St. Lawrence River. 
There thus appears to be much greater tendency for mixing among spawning groups 
of walleye than of yellow perch during non-reproductive times of the year. Note that 
although individuals may move among water bodies to feed, their reproductive 
groups determine their overall population genetic structures. 

 Evidence of yellow perch metapopulations inhabiting Lake Ontario embayments 
was discerned using otolith microchemistry (Murphy et al.  2012 ). Results described 
discrete assemblages in connected bays and impoundments (Murphy et al.  2012 ). 
This type of metapopulation structure characterized yellow perch reproductive groups 
along Lake Erie coastal sites (Sepulveda-Villet and Stepien ( 2011 ); these populations 
likely display some seasonal mixing, as described by Parker et al. ( 2009 ). In the Baltic 
Sea, European perch and pikeperch showed no appreciable genetic distinction among 
sites during the mid-summer, despite being separated by coastal features and salinity 
regimes (Sruoga et al.  2008 ). Post-spawning populations of  Perca  and  Sander  often 
intermingle, obscuring genetic population identities other than during reproduction. 

 Maturity is reported to be reached between ages 2 and 3 in yellow perch and at 
about age 3 in walleye (Collette et al.  1977 ; Barton and Barry  2011 ). However, fall 
survey results in Lake Erie showed that over half of age-1 male yellow perch and 
walleye are sexually mature, whereas less than half of the age-3 females had 
reached maturity (Dr. Patrick Kocovsky, USGS Great Lakes Science Center, per-
sonal  communication, 2014). Female yellow perch and walleye mature later, grow 
more rapidly throughout their lives, and reach larger sizes than do the males; the 
females also live longer (summarized by Carlander  1997 ). Yellow perch attain ages 
of 6–21 (Craig  2000 ), whereas walleye reach 6–19 years (Carey and Judge  2000 ; 
Craig  2000 ) and live to a maximum of ~30 years (Bozek et al.  2011a ). In northern 
habitats, both species grow more slowly and have longer life expectancies (Carlander 
 1997 ; Craig  2000 ). With climate warming, we predict that they likely will grow 
faster and may die earlier, which will infl uence their population structures.  

25.5     Genetic Origins of Northern Yellow Perch and Walleye 
Populations Tracing to Glacial Refugia 

 Contemporary haplotypes of yellow perch appear to trace to ~6.0 million years ago 
(Mya; Fig.  25.2a ; Sepulveda-Villet and Stepien  2012 ), whereas walleye date to 
~10.6 Mya during the late Miocene Epoch (Fig.  25.2b ). The northern haplotypes of 
yellow perch share a common ancestry estimated as ~0.6–4.2 Mya (Fig.  25.2a ; 
Sepulveda-Villet and Stepien  2012 ), and those for walleye similarly date to 
~1–2.5 Mya (Fig.  25.2b ).

   Northerly populations of yellow perch and walleye were subjected to drastic cli-
mate change and habitat losses during the Pleistocene glaciations 10,000 ya–2.6 Mya. 
As the ice sheets formed, the fi sh populations gradually migrated to survive in south-
erly areas – the Missourian, Mississippian, and Atlantic glacial refugia (Fig.  25.1 ; 
Petit et al.  2003 ; Hewitt  2004 ; Provan and Bennett  2008 ). Following the glacial melt-
waters, migrants from these refugia surged northward, recolonizing drastically 
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  Fig. 25.3    Statistical parsimony network constructed using TCS v1.21 (Clement et al.  2000 ,   http://
darwin.uvigo.es/software/tcs.html    ) among mtDNA control region haplotypes of ( a ) yellow perch 
(Modifi ed from Sepulveda-Villet et al. ( 2009 ) and Sepulveda-Villet and Stepien ( 2012 )) and ( b ) 
walleye (Modifi ed from Haponski and Stepien ( 2014a )).  Circles  are sized according to total 
observed frequencies of the haplotypes.  Lines  indicate a single mutational step between the haplo-
types. Small, unlabelled  circles  represent hypothesized unsampled haplotypes.  Dashed lines  
enclosing haplotype groups denote major regional delineations.  Circle  colours also refl ect haplo-
type identities as portrayed in Fig.  25.4a . Note that there is no correspondence between the colors 
and haplotypes of yellow perch and walleye ( a  and  b  are entirely independent)       

changed habitats, including the new basins of the Laurentian Great Lakes. Notably, an 
estimated 90 fi sh species migrated northward from the Mississippian glacial refugium 
to found modern Great Lakes populations, another 14 expanded up from the Atlantic 
coastal refugium, and some from each met and mixed (see Mandrak and Crossman 
 1992 ). To the west, colonists from the Missourian refugium founded yellow perch and 
walleye populations in the Northwest Plains, including Lake Winnipeg and the upper 
Mississippi River region, as well as contributing to western Lake Superior (Billington 
 1996 ; Stepien et al.  2009 ,  2010 ; Backhouse-James and Docker  2012 ). Patterns of 
genetic divergences among northern fi sh populations today refl ect these differential 
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contributions originating from refugia, which were subsequently modifi ed by drain-
age connections and basin isolation (Bailey and Smith  1981 ; Mandrak and Crossman 
 1992 ; Stepien et al.  2009 ,  2010 ). 

 Yellow perch and walleye in the Northwest Lake Plains region (Fig.  25.1 : Lake 
Winnipeg and the upper Mississippi River) trace their descent to Missourian refu-
gium colonists (Stepien et al.  2009 ,  2010 ; Sepulveda-Villet and Stepien  2012 ). 
Today, the overall differences in these populations from other regions is apparent in 
Figs.  25.1 ,  25.2 ,  25.3 , and  25.4  (the latter depicts Bayesian STRUCTURE analyses 
of populations, based on nuclear DNA microsatellite loci from Tables  25.1  and 
 25.2 ), showing that the Lake Winnipeg and Upper Mississippi River populations are 
different from those in most of the Great Lakes. Yellow perch from western Lake 
Superior also are very distinctive in the nuclear microsatellite data (Fig.  25.4a ; 
Sepulveda-Villet and Stepien  2012 ). Walleye reproducing in Lake Superior show a 
mixture of descent from the Missourian and Mississippian refugia (Fig.  25.4b ; 
Stepien et al.  2009 ,  2010 ). Populations of lake sturgeon  Acipenser fulvescens  in the 

  Fig. 25.4    Estimated comparative population structure from Bayesian STRUCTURE v2.3.3 analy-
ses (Pritchard et al.  2000 ; Pritchard and Wen  2004 ;   http://pritchardlab.stanford.edu/structure.html    ) 
for ( a ) 17 yellow perch groups using 15 nuclear DNA microsatellite loci (Modifi ed from Sepulveda- 
Villet and Stepien  2012 ), and ( b ) 9 walleye groups using 9 loci (Modifi ed from Stepien et al.  2009 , 
 2010 ). Analyses were run with 100,000 burn-in and 500,000 replicates. Optimal  K  values were 
determined by posterior probabilities (Pritchard et al.  2000 ) and the Δ K  method of Evanno et al. 
( 2005 ).  Thin vertical lines  represent individuals and thicker bars separate spawning groups at given 
locations; these are partitioned into  K  colored segments that represent estimated population group 
membership. Note that there is no correspondence between the colors of yellow perch and walleye 
( a  and  b  are entirely independent)       
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Hudson Bay drainage (Ferguson and Duckworth  1997 ) and brown bullhead 
 Ameiurus nebulosus  in western Lake Superior (Murdoch and Hebert  1997 ) likewise 
have been attributed to Missourian refugium ancestry.

    Glacial Lake Agassiz initially occupied much of the Hudson Bay watershed 
(including Lake Winnipeg), which probably had some southern drainage to Lake 
Superior (Mandrak and Crossman  1992 ; Rempel and Smith  1998 ), facilitating fi sh 
movements 8500–13,000 ya. Ice later blocked this passage (Saarnisto  1974 ; Teller 
and Mahnic  1988 ), isolating the yellow perch and walleye populations in the 
Northwest Lake Plains sites, as is shown by their high divergences from other areas 
(denoted by distinct colors on Figs.  25.4  and  25.5 ; Stepien et al.  2009 ,  2010 ; 
Sepulveda-Villet and Stepien  2012 ; Haponski and Stepien  2014a ). These northwest-
ern fi sh populations always have been small in size (Hoagstrom and Berry  2010 ). 
The Lake Superior region was long covered in ice, except for glacial Lake Duluth in 
the west until ~8500–9000 ya, thus isolating its walleye and yellow perch gene pools.

  Fig. 25.5    Estimated population structure from mtDNA control region frequencies for ( a ) 26 yel-
low perch haplotypes (Modifi ed from Sepulveda-Villet and Stepien  2012 ) and ( b ) 28 walleye hap-
lotypes (Adapted from Haponski and Stepien  2014a ) using GENEPOP v4.0 (Rousset  2008 ;   http://
kimura.univ-montp2.fr/%7Erousset/Genepop.htm    ), and Microsoft Excel 2008 (Redmond, VA). 
 Vertical black lines  separate different spawning groups (lettered). Major geographic regions are 
indicated in the bottom rule for each chart. Note that there is no correspondence between the colors 
and haplotypes of yellow perch and walleye ( a  and  b  are entirely independent)       
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   Most of the Great Lakes fauna – especially in Lakes Huron, Michigan, St. Clair, 
and western Lake Erie (Underhill  1986 ; Mandrak and Crossman  1992 ; Todd and 
Hatcher  1993 ) – trace their origins to the Mississippian refugium, as indicated for yel-
low perch (Sepulveda-Villet et al.  2009 ; Sepulveda-Villet and Stepien  2012 ), walleye 
(Stepien and Faber  1998 ; Stepien et al.  2009 ,  2010 ), smallmouth bass  Micropterus 
dolomieu  (Stepien et al.  2007 ), rainbow darter  Etheostoma caeruleum  (Haponski et al. 
 2009 ), and lake sturgeon (Ferguson and Duckworth  1997 ). There were apparent 
genetic contributions from both the Atlantic and the Mississippian refugium into the 
lower Great Lakes for walleye (Stepien and Faber  1998 ; Strange and Stepien  2007 ; 
Stepien et al.  2009 ,  2010 ), smallmouth bass (Stepien et al.  2007 ), brown bullhead 
(Murdoch and Hebert  1997 ), lake trout  Salvelinus namaycush  (Wilson and Hebert 
 1996 ), and ninespine stickleback  Pungitius pungitius  (Aldenhoven et al.  2010 ). 

 The closer genetic relationship between walleye reproducing in Lake Michigan 
and Lake Huron proper (including Saginaw Bay) likely refl ects their former connec-
tion as glacial Lake Algonquin ~2000–10,600 ya, which drained west to the 
Mississippi River system (Bailey and Smith  1981 ). Lake Huron walleye diverged 
~11,500 ya when Georgian Bay (the former glacial Lake Hough) was isolated from 
the main basin population (the former glacial Lake Stanley) (Lewis et al.  1994 ). 

 Lake Erie’s formation dates to glacial Lake Maumee (~14,000 ya), which then 
drained west via the Ohio River to the Mississippi, changing outlets during several 
lake stages, to its current outlet east into Lake Ontario (~10,000 ya) (Underhill  1986 ; 
Larson and Schaetzl  2001 ). Lake Erie yellow perch and walleye populations today 
appear geographically isolated and genetically differentiated from most other Great 
Lakes populations. Lake Erie physically is separated from Lake Ontario by Niagara 
Falls and from the upper Great Lakes by the narrow and short Detroit River, which 
drains Lake St. Clair. Yellow perch from Lake St. Clair are separated from those 
spawning in Lake Erie (note the color difference between the purple-colored popula-
tion from Lake St. Clair versus the mixed colors in Lake Erie in Fig.  25.4a ); these 
appear on opposite sides of a genetic barrier IV shown in Fig.  25.1b . However, there 
is greater genetic exchange between walleye reproducing in Lakes St. Clair and Erie, 
as illustrated by their similar color on Fig.  25.4b  (see Haponski and Stepien  2014b ). 

 Yellow perch mtDNA control region haplotype 1 (Figs.  25.2a  and  25.3a ) likely 
already was widespread pre-glacially and then represented in the Mississippian and 
Atlantic refugia populations, but was more common in the west. Today, yellow perch 
haplotype 1 remains more abundant in the west (see Fig.  25.5a ). Walleye possesses a 
similar pattern, with its most common haplotype 1 also being more common to the west, 
and increasing proportions of haplotypes 2, 3, and 4 to the east (Fig.  25.5b ). This west-
east pattern occurs in both species and presumably refl ects retention of original coloni-
zation proportions from the Mississippian and Atlantic refugium to the present day. 

 The Atlantic coastal refugium (Fig.  25.1 ) formed a warm enclave of diverse habi-
tats in coastal plains and estuaries east of the Appalachian Mountains (Schmidt 
 1986 ; Bernatchez  1997 ); yellow perch and walleye from that refugium migrated 
north to colonize the northeastern and northcentral regions after the glaciations 
(Russell et al.  2009 ). The northeastern migrating populations split to found the yel-
low perch populations in Maine (colored blue, sites X and Y, on Fig.  25.4a ) and the 
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Hudson River (colored light blue, site Z); both are very divergent today (also see 
mtDNA haplotypes on Fig.  25.5a ). 

 Lake Champlain (site W) drains into the St. Lawrence River and its yellow perch 
appear to trace to joint origins from the Atlantic and Mississippian refugia, but 
today have a very divergent genetic composition from other locations (see unique 
haplotype 20 on Figs.  25.2a  and  25.3a  and distinct colors for Lake Champlain yel-
low perch on Figs.  25.4a  and  25.5a , denoting different genetic composition). Lake 
Champlain received meltwaters from glacial Lake St. Lawrence (~11,600 ya), and 
then Lake Agassiz (~8000–10,900 ya) and glacial Lake Barlow-Ojibway (~8000–
9,500 ya). This produced an extensive freshwater habitat that replaced the former 
saline Champlain Sea, which was a temporary inlet of the Atlantic Ocean formed by 
the retreating glaciers (Rodrigues and Vilks  1994 ). Regional fl ooding presumably 
led to colonization of Lake Champlain by aquatic taxa from the Atlantic refugium, 
as suggested by genetic evidence from lake cisco  Coregonus artedi  (Turgeon and 
Bernatchez  2001 ); the Lake Champlain yellow perch population appears to refl ect 
joint contribution from the Atlantic and Mississippian refugia (see Fig.  25.5a ). 

 The overall similarities among northern populations of yellow perch, walleye, and 
other aquatic taxa reveal a general pattern that originated with recolonization from 
multiple glacial refugia, which then became modifi ed by changes in connections and 
drainages, and has been maintained by reproductive site philopatry from generation 
through generation. Refugium origins have been shown to translate to differences in 
walleye growth patterns (Zhao et al.  2008 ); thus the infl uences of evolutionary history 
appear to persist in their physiological, life history, and genetic adaptations today.  

25.6     Atlantic and Gulf Coastal Populations of Yellow Perch 
and Walleye 

 The southern genotypes of yellow perch and walleye clearly are differentiated from 
the northern ones, with the southern ones being older (see Fig.  25.2 ; Stepien and 
Faber  1998 ; Stepien et al.  2009 ; Sepulveda-Villet and Stepien  2012 ; Haponski and 
Stepien  2014a ). The most divergent walleye identifi ed are from the New and Ohio 
Rivers (Fig.  25.2b ). Divergence of southern walleye haplotypes in the New/Ohio 
River and Gulf coastal systems was estimated at ~7.2–10.6 Mya (this chapter), 
whereas dates for southerly yellow perch appear to be later at ~2.5–3.6 Mya 
(Fig.  25.2a ; Sepulveda-Villet and Stepien  2012 ). 

 The Atlantic coastal area supports high species richness and endemism today 
(Griffi ths  2010 ), as discerned for its yellow perch and walleye populations (Stepien 
et al.  2009 ,  2010 ; Sepulveda-Villet and Stepien  2012 ; Haponski and Stepien  2014a ). 
These populations have relatively high genetic diversity, possessing unique alleles 
(see Table  25.2 ). Results support the hypothesis that greater genetic diversity in 
southerly, unglaciated populations may be due to their long undisturbed history for 
evolution and local adaptation (Petit et al.  2003 ). The South Atlantic coastal yellow 
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perch populations are adapted to mesohaline conditions, and likely can readily 
migrate from fresh to brackish waters (Grzybowski et al.  2010 ). In response to 
ongoing climate change, the unique genetic diversity of these euryhaline popula-
tions of yellow perch might provide an important genetic reservoir in the event that 
some inland waters become more saline. 

 The South Atlantic and Gulf coastal haplotypes of yellow perch are more closely 
related to each other than to those from the North Atlantic region (Sepulveda-Villet 
and Stepien  2012 ). 

 In comparison, the southern Gulf relict populations of yellow perch and walleye 
have relatively lower heterozygosity (Table  25.2 ), characteristic of their small pop-
ulation sizes, bottlenecks, and genetic drift. Those populations also possess high 
numbers and proportions of private alleles, indicative of their long-term isolation 
and distinctiveness (Tables  25.2  and  25.3 ; Figs.  25.1 ,  25.2 ,  25.3 , and  25.4 ). 
The Gulf coastal walleye population is small but persistent, and is believed to rep-
resent a long-isolated unique historic strain (Boschung and Mayden  2004 ; Stepien 
et al.  2009 ). This also appears to be the case for yellow perch, except that there is 
closer relationship of its relict Gulf coastal population to the southeast Atlantic 
seaboard (Sepulveda-Villet et al.  2009 ; Sepulveda-Villet and Stepien  2012 ). The 
distinctiveness of the Gulf Coast walleye was described by Hackney and Holbrook 
( 1978 ) based on life history characters, faster growth, and spawning at higher tem-
peratures. This differentiation also was indicated by population genetic data using 
allozymes (Murphy  1990 ; Billington and Maceina  1997 ), mtDNA restriction hap-
lotypes (Billington et al.  1992 ; Billington and Strange  1995 ; Billington and 
Maceina  1997 ), nuclear microsatellite loci (Stepien et al.  2009 ), and mtDNA 
sequence data (Haponski and Stepien  2014a ). Boschung and Mayden ( 2004 ) noted 
that this unique walleye strain is in danger of potential introgression with intro-
duced northern strains of walleye entering from the Tennessee River drainage via 
the Tennessee-Tombigbee Waterway.

25.7        Comparative Genetic Diversity of Yellow Perch 
and Walleye Populations 

 The overall genetic diversity of yellow perch is much lower than walleye; this is 
clearly evident in Tables  25.1  and  25.2 , and is true for both nuclear DNA (mean 
heterozygosity is 0.53 for yellow perch and 0.73 for walleye) and mtDNA 
sequence variability (mean haplotypic diversity is 0.31 for yellow perch and 
0.77 for walleye). The relatively low diversity for yellow perch likewise has 
been revealed by other genetic data sets, including allozymes (Leary and Booke 
 1982 ; Todd and Hatcher  1993 ; Moyer and Billington  2004 ), mtDNA restriction 
fragment length polymorphisms (RFLPs) (Billington  1993 ; Moyer and 
Billington  2004 ), mtDNA sequences (Sepulveda-Villet et al.  2009 ; Sepulveda-
Villet and Stepien  2011 ,  2012 ), as well as nuclear microsatellites (Miller  2003 ; 
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Sepulveda-Villet and Stepien  2011 ,  2012 ). Values for yellow perch here 
(Table  25.2 ) correspond to the overall microsatellite heterozygosity average of 
0.54 for 13 other freshwater fi shes described by DeWoody and Avise ( 2000 ), 
whereas those for walleye are high. 

 Overall mtDNA genetic diversity of yellow perch roughly matches that of the 
European perch (Refseth et al.  1998 ; Nesbø et al.  1998 ,  1999 ), which also exhibits 
relatively low allozymic genetic diversity (Gyllensten et al.  1985 ; Bodaly et al. 
 1989 ). Relatively low genetic diversity in both mtDNA and nuclear DNA thus 
appears characteristic of the genus  Perca . Moreover, mtDNA control region 
sequences revealed low variation in the ruffe  Gymnocephalus cernua  across Eurasia 
(Stepien et al.  1998 ,  2005 ), which is closely related to  Perca  (see phylogenies of 
Faber and Stepien  1997 ; Song et al.  1998 ; Sloss et al.  2004 , and Chap.   1     of this 
book). This fi nding appears to suggest that modest genetic diversity may be charac-
teristic of the  Perca - Gymnocephalus  lineage. Such low diversity may be a product 
of the life history of  Perca  species, with the yellow perch displaying considerable 
genetic divergence among closely-spaced reproductive groups within an aquatic 
 system, such as large lakes (Sepulveda-Villet and Stepien  2011 ; Kocovsky et al. 
 2013 ; Sullivan and Stepien  2014 ,  2015 ). 

 Some individual yellow perch spawning groups possess a relatively high degree 
of kin relationship, which may result in lower diversity within samples (Sullivan 
and Stepien  2015 ). Genetically similar individuals of European perch have been 
found to aggregate with one another (Gerlach et al.  2001 ), recognizing their rela-
tives via olfactory cues at the fry life stage and beyond (Behrmann-Godel et al. 
 2006 ). Kin recognition and olfactory cues have not yet been studied in yellow perch 
or walleye, but might yield important insights on their fi ne-scale population struc-
ture and the distribution of their respective diversities. 

 Across most of their North American ranges, yellow perch and walleye popula-
tions exhibit relatively consistent levels of genetic variability for the nuclear micro-
satellite data (Table  25.2  and Fig.  25.4 ). Some exceptions are that populations of 
both species are less variable in some of the northwest populations and the Gulf 
coastal region. Genetic diversities for both species are high across the Great Lakes. 
The southeastern populations of both species, which were never glaciated, also have 
high diversity. 

 Levels of mitochondrial DNA diversity, measured as haplotypic diversity 
(Table  25.2 ) are more subject to bottlenecks as the effective population size is one 
fourth that of nuclear DNA (see Avise  2004 ). Values of haplotypic diversity of wall-
eye are similar to those obtained from the nuclear microsatellite data, however, 
those for yellow perch are much lower. This may refl ect a history of bottlenecks for 
yellow perch. Most of the Great Lakes, as well as the northwestern populations, are 
dominated by a single yellow perch haplotype (haplotype 1 of Fig.  25.5 ). Likewise, 
the southern populations possess few haplotypes. In contrast, the eastern and 
Atlantic coastal yellow perch populations have many more haplotypes. By compari-
son, the diversity of walleye haplotypes is much greater across the range and is more 
consistent (Table  25.2  and Fig.  25.5 ). 
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 Private alleles are those that are found only in a specifi c population or set of 
populations. In the Great Lakes region overall, 14 % of nuclear microsatellite alleles 
were private for yellow perch and 22 % for walleye (Table  25.2 ). For the mitochon-
drial DNA sequences, just 7 % of the Great Lakes’ haplotypes were private in yel-
low perch, whereas 59 % were private in walleye. In Lake Erie, 9 % of the 
microsatellite alleles and 3 % of the mitochondrial haplotypes were private in yel-
low perch; in contrast, only 1 % of the microsatellite alleles and 50 % of the haplo-
types were private for walleye. There thus appears to be a fundamental difference in 
the isolation and differentiation of the Lake Erie populations between the two spe-
cies. In the Gulf Costal populations, 7 % of yellow perch microsatellite alleles were 
private, and 11 % of the walleye. Those proportions of mitochondrial haplotypes 
were 13 % for yellow perch and 50 % for walleye; thus, the trend was similar 
(Table  25.2  and Fig.  25.5 ).  

25.8     Broadscale Genetic Divergence Patterns of Yellow Perch 
and Walleye Populations Across Their Native Ranges 

 Yellow perch and walleye congruently show greatest divergences between their 
populations from the upper Mississippi River and the Gulf Coast, reaching 
 F  ST  = 0.361 for yellow perch and 0.300 for walleye for the microsatellite data 
(Table  25.3a ). The greatest difference for the mitochondrial DNA data likewise 
occurs between the same population pairs:  F  ST  = 0.949 for yellow perch and 
0.793 for walleye (Table  25.3b ). The largest divergences overall thus refl ect 
long-term geographic separation. Most population group comparisons signifi -
cantly differ, except between some adjacent systems (Table  25.3 ). Some of these 
apparent exceptions, however, actually differ at fi ner scales because here we 
grouped together different spawning groups within systems, for the purpose of 
comparing across large areas. 

 Pronounced genetic demarcations that delineate the most unique yellow 
perch populations identify six major geographic regions: Northwest Lake 
Plains, Great Lakes watershed, Lake Champlain, North Atlantic coastal, South 
Atlantic coastal, and Gulf coastal (Fig.  25.1b ). A similar pattern is apparent for 
the genetic structure of walleye populations: Northwest Lake Plains (Lake 
Winnipeg, McKim Lake in Ontario, and the upper Mississippi River), the Great 
Lakes watershed (divided into six groups: Lake Superior, Lakes Michigan/
Huron, Lake Huron’s Georgian Bay, Lake St. Clair, Lake Erie, and Lake 
Ontario), North Atlantic coastal, South Atlantic coastal, and Gulf coastal groups 
(Stepien et al.  2009 ,  2010 ; see Fig.  25.1 ). 

 The most divergent population groups overall for yellow perch are from: the Gulf 
coast (mean  F  ST  = 0.275 among 11 pairwise comparisons), the upper Mississippi 
River (0.257), the southeast (0.224), and then Lake Winnipeg (0.203). Three of 
these also are the most different with mtDNA, in order of: the Gulf Coast (mean 
 F  ST  = 0.786), the southeast (0.506), Lake Winnipeg (0.424), and then Lake Erie 
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(0.255). According to the walleye microsatellite data, the most divergent groups 
likewise occur on the peripheries of the range, including: the Gulf Coast (mean 
 F  ST  = 0.275), the northeast (0.153), the upper Mississippi River (0.148), and Lake 
Winnipeg (0.131). Two of these match those most divergent discerned by walleye 
mtDNA, comprising: the Gulf Coast (mean  F  ST  = 0.484), the southeast (0.470), Lake 
Ontario (0.346), and the upper Mississippi River (0.322). 

 In the northwest, yellow perch from the Lake Winnipeg region comparatively 
are more different from the populations in the upper Mississippi River system and 
Lake Superior than are walleye; this pattern is congruent between the nuclear and 
mitochondrial DNA data sets (Table  25.3 ). However, walleye diverge more 
between the upper Mississippi River and Lake Superior systems than do yellow 
perch populations. Within the Great Lakes, the Lake Superior population samples 
are the most differentiated from others for both species. The greatest overall dif-
ferences among the Great Lakes population groups are some of the most geo-
graphically distant ones, notably between Lakes Superior and Ontario ( F  ST  = 0.213 
for yellow perch and 0.038 for walleye microsatellites), as is predicted by the 
hypothesis of genetic isolation with geographic distance. This relationship 
between genetic and geographic distances (measured by nearest waterway) is 
illustrated on Fig.  25.6 . Another very distant relationship occurs between Lake 
Superior and St. Clair yellow perch ( F  ST  = 0.226). Walleye from Lake Superior 
also are very divergent from those in Lakes Michigan, Huron, St. Clair, and Erie 
( F  ST  = 0.035–0.037), and those in Lake Michigan are markedly distinct from the 
Lakes St. Clair and Erie populations (0.037).

   A positive regression relationship of genetic versus geographic distance is sup-
ported for both species, as shown in Fig.  25.6  from the microsatellite data. Yellow 
perch have greater divergence per geographic distance than do walleye. Genetic 
BARRIER analyses, depicted in Fig.  25.1b  (yellow perch) and  25.1c  (walleye), 
denote divisions among populations that are distinguished by much greater than 
expected genetic differences. Several of these are congruent between the species, 
including those isolating the Gulf coastal region, the southeast, the Lake Winnipeg 
region, the upper Mississippi River, Lake Superior, and the northeastern popula-
tions. Signifi cant demarcation of the Lake St. Clair population of yellow perch is 
not found in walleye, which shows more genetic exchange with nearby spawning 
groups (Fig.  25.1 ). The Bayesian STRUCTURE analyses support a greater num-
ber of distinctive population groups of yellow perch ( K  = 17, Fig.  25.4a ) than 
found for walleye ( K  = 9, Fig.  25.4b ). Yellow perch and walleye share many con-
gruent population areas that are denoted by marked distinctiveness, including 
Lake Winnipeg, the upper Mississippi River, Lake Superior, the northeastern pop-
ulations, the southeastern populations, and the Gulf Coast. Additional unique 
groups of yellow perch occur in Lake St. Clair (congruent with the BARRIER 
analysis results from Fig.  25.1b ), Lake Ontario, and the Hudson River (Fig.  25.4a ). 
Findings thus demonstrate considerable genetic divergences among most popula-
tion regions for both species (Table  25.3 ), refl ecting both broad- and fi ne-scale 
patterns of differentiation.  
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  Fig. 25.6    Mantel ( 1967 ) pairwise tests for the relationship between genetic distance ( θ  ST /1-  θ  ST ) 
and the natural logarithm of geographic distance (km) across the native North American range of 
( a ) yellow perch and ( b ) walleye. Results determined using GENEPOP v4.0 (Rousset  2008 ;   http://
kimura.univ-montp2.fr/%7Erousset/Genepop.htm    ), with 10,000 permutations. Equations for: ( a ) 
yellow perch populations.  p  < 0.001,  R  2  = 0.39,  y  = 0.14 x  – 0.57 (Modifi ed from Sepulveda-Villet 
et al.  2012 ), and ( b ) walleye populations.  p  = 0.005,  R  2  = 0.23,  y  = 0.06 x  – 0.29 (Adapted from 
Stepien et al.  2009 ; Haponski and Stepien  2014a )       
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25.9     Fine Scale Genetic Divergence Patterns of Yellow Perch 
and Walleye 

 Although relationships among yellow perch and walleye populations typically fol-
low a broad-scale pattern of genetic isolation by geographic distance (Fig.  25.6 ), 
those among reproductive groups within individual lakes do not refl ect geographic 
distance (Fig.  25.7 ). In both species, some closely situated spawning populations 
are markedly different, whereas others are more closely related. Fine-scale relation-
ships among yellow perch and walleye reproductive groups within Lake Erie appear 
to be driven by spawning aggregations, natal homing behavior, and localized adap-
tations, rather than due to simple geographic connectivity (see Stepien et al.  2009 , 
 2012 ; Sepulveda-Villet et al.  2011 ,  2012 ) (Fig.  25.8 ).

    Sepulveda-Villet and Stepien ( 2011 ) found signifi cant differences at 15 micro-
satellite loci among Lake Erie yellow perch reproductive populations (shown in 
Fig.  25.9 ), discerning no relationship between genetic distance and geographic dis-
tance between sampling locations. Kocovsky and Knight ( 2012 ) reported similar 
trends using morphometric data from yellow perch sampled from many of the same 
spawning locations used by Sepulveda-Villet and Stepien ( 2011 ). Yellow perch 
reproductive populations in the central basin of Lake Erie that are separated by 
17–94 km were distinguished by signifi cant genetic divergences of  F  ST  = 0.016–
0.056 using the same 15 loci, and also displayed signifi cant morphological differ-
ences (Kocovsky et al.  2013 ). Similar fi ne-scale differentiation also was evident 
among yellow perch reproductive groups in the St. Lawrence River system, which 
comprised four distinct genetic clusters along a 310 km-long corridor (LeClerc 
et al.  2008 ). Grzybowski et al. ( 2010 ) described fi ne-scale genetic structure between 
yellow perch spawning in Lake Michigan open water versus those in Green Bay, 
also using microsatellite data ( F  ST  = 0.126).

   Relatively large genetic separations likewise delineated some walleye reproduc-
tive populations located in close proximity, including between the Moon and 
Musquash Rivers (site l) in Georgian Bay of Lake Huron ( F  ST  = 0.034), between the 
Thames (m) and the Detroit Rivers (n) in Lake St. Clair ( F  ST  = 0.012) and among 
spawning locations in eastern Lake Erie (sites x–aa; mean  F  ST  = 0.036, range = 0.034–
0.058; Stepien et al.  2009 ,  2010 ). Conversely, walleye spawning aggregations along 
the southern shore in western and central Lake Erie (q–w), which are the largest in 
population numbers, were linked by more connectivity and gene fl ow (discussed in 
detail by Strange and Stepien  2007 ; Stepien et al.  2012 ). This connectivity also was 
described by other researchers using a variety of genetic techniques (Merker and 
Woodruff  1996 ; Stepien and Faber  1998 ; Strange and Stepien  2007 ). A study by 
McParland et al. ( 1999 ) using mtDNA RFLPs and allozymes found no differentia-
tion between walleye reproducing at Chickenolee Reef (site t on Fig.  25.9 ) and the 
Huron River (site q) in western Lake Erie, but this comparison differed signifi cantly 
when higher-resolution microsatellites were used (Stepien et al.  2009 ,  2010 ). The 
latter data revealed more site-specifi c differentiation among walleye spawning pop-
ulations, which was greater in eastern Lake Erie. 
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  Fig. 25.7    Mantel ( 1967 ) pairwise tests in GENEPOP v4.0 (Rousset  2008 ;   http://kimura.univ- 
montp2.fr/%7Erousset/Genepop.htm    ), with 10,000 permutations, for the relationship between 
genetic distance ( θ  ST /1-  θ  ST ) and natural logarithm of geographical distance (km) across Lake Erie 
spawning groups of ( a ) yellow perch ( p  = 0.212,  R  2  = 0.024,  y  = 0.016 x  – 0.038; Sepulveda-Villet and 
Stepien  2011 ), and ( b ) walleye ( p  = 0.827,  R  2  = 0.015,  y  = −0.003 x  – 0.051; Strange and Stepien  2007 )       
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 Such differentiation among reproducing populations groups within a continu-
ous system appears to result from spawning site philopatry to specifi c natal loca-
tions, maintained from generation to generation. European perch form long-term 
population groups of full and half siblings, according to microsatellite data 
(Bergek and Björklund  2007 ; Behrmann-Godel and Gerlach  2008 ). Reproductive 
success was signifi cantly lower in non-kin groups, with reduced pre-zygotic and 
post-zygotic fi tness manifested by lower fertilization rates and less hatching suc-
cess (Behrmann-Godel and Gerlach  2008 ). One of the likely barriers to gene fl ow 
for European perch thus is reproductive isolation, either via kin recognition using 
olfactory cues (Gerlach et al.  2001 ) or due to reduced hybrid fi tness between sym-
patric but divergent cohorts (Behrmann- Godel and Gerlach  2008 ). Likewise, it is 
possible that yellow perch and walleye returning to their natal locations are guided 

  Fig. 25.8    Estimated population structure from Bayesian STRUCTURE v2.3.3 analyses (Pritchard 
et al.  2000 ; Pritchard and Wen  2004 ;   http://pritchardlab.stanford.edu/structure.html    ) for Lake Erie 
spawning groups of yellow perch ( a )  K  = 10 and ( b )  K  = 4 four (Adapted from Sepulveda-Villet and 
Stepien  2011 ) and walleye ( c )  K  = 3 (Adapted from Strange and Stepien  2007 ); in reference to 
outlying populations from Lake St. Clair and L. Ontario (the latter for yellow perch only). Analyses 
were run with 100,000 burn-in and 500,000 replicates. Optimal  K  values were determined by pos-
terior probabilities (Pritchard et al.  2000 ) and the Δ K  method of Evanno et al. ( 2005 ).  Thin vertical 
lines , partitioned into colored segments, represent individual fi sh.  Black lines  separate spawning 
groups from different locations. Note that there is no correspondence between the colors and hap-
lotypes of yellow perch and walleye ( a  +  b  versus  c  are entirely independent)       
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by olfactory information imprinted during early stages of their life history. If so, 
it may be the primary mechanism for maintaining divergence among spawning 
aggregations, but this hypothesis remains to be tested. 

 There is no effect of gender in the establishment of these fi ne-scale genetic struc-
ture trends, as both male and female yellow perch and walleye have analogous genetic 
patterns, and thus appear to have similar site fi delity (Stepien and Faber  1998 ; Stepien 
et al.  2009 ,  2012 ; Sepulveda-Villet et al.  2011 ,  2012 ). Eight yellow perch populations 
from Lake Erie locations (sites on Fig.  25.9 ) were all genetically distinguishable from 
one other (mean  F  ST  = 0.068 ± 0.008, range = 0.002–0.168), but some also varied in 
allelic composition between two sampling time periods (2001–2004 versus 2009), at 
~1/4 the magnitude of the difference among locations. Sullivan and Stepien ( 2015 ) 
found signifi cant differences among yellow perch spawning groups and between sam-
pling years at some of these sites. An example of annual variation within the yellow 
perch reproductive group sampled at Van Buren Bay (site y on Fig.  25.9 ) in eastern 
Lake Erie is given in Table  25.4a . A study by Demandt ( 2010 ) likewise found signifi -
cant variations in microsatellite allelic frequencies of European perch among sam-
pling years for a population in Sweden. This suggests a similar trend for annual 
variability at spawning sites for both European and yellow perch.

   Yellow perch spawning groups varied among individual sampling years and age 
cohorts, with the 2003 cohort being the most distinctive of those sampled (Sepulveda- 

  Fig. 25.9    Fine-scale map of Lake Erie showing locations of spawning groups evaluated for yellow 
perch ( triangles , with capital letters) and walleye ( circles , with lowercase letters). Yellow perch 
sampling sites are: I. Monroe, MI; J. Cedar Pt., OH; K. S. Bass Isl., OH; L. Sturgeon Ck., ON; 
M. Erieau, ON; N. Cleveland, OH; O. Fairport, OH; P. Perry, OH; Q. Ashtabula, OH; R. Erie, PA; 
S. Long Pt. Bay, ON; T. Pt. Colborne, ON; U. Dunkirk, NY (Modifi ed from Sepulveda-Villet and 
Stepien  2011 ,  2012 ). Sites for walleye include: n. Belle Isl.; o. Fighting Isl.; p. Grosse Ile; q. Huron 
R.; r. Hen Isl.; s. Western Reefs; t. Chickenolee Reef; u. Maumee R.; v. Sandusky R.; w. Grand 
R. OH; x. Grand R. ON; y. Van Buren Bay; z. Cattaraugus Ck.; aa. Smoke’s Ck (Modifi ed from 
Strange and Stepien  2007 ; Stepien et al.  2009 ,  2010 ,  2012 ; Haponski and Stepien  2014a )       
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Villet and Stepien  2011 ,  2012 ; Sullivan and Stepien  2015 ). This 2003 cohort was an 
especially large and successful group for both yellow perch and walleye recruitment 
in Lake Erie (WTG  2014 , YPTG  2014 ). Reproductive groups of yellow perch con-
tained high numbers of full siblings (mean = 18.5 %, ranging to 75 % for the 2001 
age cohort spawning at Van Buren Bay in eastern Lake Erie; Sullivan and Stepien 
 2015 ). Temporal genetic divergence at reproductive locations was not explained by 
genetic isolation over time, but appeared due to yellow perch spawning in kin- 
related groups that varied slightly from year to year. Spatial patterns were attributed 
to limited migration and natal homing, whereas temporal patterns may refl ect kin 
group structuring and differential reproductive success. 

 In contrast to yellow perch, walleye from three of the largest spawning popula-
tions in Lake Erie (Maumee River; site u on Fig.  25.9 , Sandusky River, site v, and 
Van Buren Bay reefs, site y), exhibited both temporal and spatial consistency 
across 14 years (collected in 1995, 1998, 2003, 2007, and 2008) using nine nuclear 
DNA microsatellite loci (Stepien et al.  2012 ). There was overall year-to-year 
genetic  consistency within walleye reproductive groups; no signifi cant differ-
ences were found among collection dates within an annual run, between the sexes, 
or among age- cohorts. An example demonstrating consistency among walleye 
runs in the Maumee River is presented in Table  25.4b  (Stepien et al.  2012 ). 
Overall, walleye spawning at the Van Buren Bay reefs were genetically divergent 
from those reproducing in the Maumee and Sandusky rivers, refl ecting geographic 
distance; the latter two groups were genetically closer, with slight differences that 
suggested more recent divergence, higher gene fl ow, or both. The Van Buren Bay 

     Table 25.4    Pairwise genetic divergences for (a) spawning yellow perch from Dunkirk NY, eastern 
Lake Erie sampled in six different collection years: 1985, 2001, 2004, 2008, 2009, and 2010 
(Modifi ed from Sullivan and Stepien  2015 ) and (b) Walleye reproducing in the Maumee River 
sampled from fi ve collection years (1995, 1998, 2003, 2007, and 2008; reported by Stepien et al. 
 2012 ). Calculations are from FSTAT v2.9.3.2 (Goudet  1995 ,  2002 ;   http://www2.unil.ch/popgen/
softwares/fstat.htm    ) and ARLEQUIN v3.1.5.3 (Excoffi er and Lischer  2010 ;   http://cmpg.unibe.ch/
software/arlequin35/    ) and used 100,000 replicates to test for signifi cance.  Bold  = signifi cantly 
different following sequential Bonferroni correction (Rice  1989 )   

 a. Yellow perch spawning at Dunkirk NY, eastern Lake Erie 

 Year ( N )  1985 (34)  2001 (37)  2004 (48)  2008 (30)  2009 (30) 

 2001 (37)   0.037   – 
 2004 (48)   0.056    0.055   – 
 2008 (30)   0.125    0.138    0.141   – 
 2009 (30)   0.041    0.072    0.088    0.105   – 
 2010 (36)   0.011    0.041    0.057    0.113    0.014  

 b. Walleye spawning in the Maumee River, western Lake Erie 

 Year ( N )  1995 (53)  1998 (28)  2003 (76)  2007 (5) 

 1998 (28)  0.001  – 
 2003 (76)  0.001  0.002  – 
 2007 (43)  0.001  0.002  0.001  – 
 2008 (50)  0.002  0.004  0.001  0.001 
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population group in 1995 was the most divergent sample and had the greatest 
genetic self-assignment (100 %); this might indicate some slight changes in its 
distinctive genetics over time, as it was the oldest sample examined (Stepien et al. 
 2012 ). Results illustrated the importance of sampling over several years of spawn-
ing runs to understand overall patterns of population structure, which showed 
remarkable genetic consistency across an open- lake system for walleye.  

25.10     Color Variants and Genetics: The Extinct “Blue Pike” 
and Turquoise Mucus Walleye and Yellow Perch 

 Dark steel grey-blue colored walleye reportedly once were common in the deeper cooler 
eastern basin of Lake Erie and reported from western Lake Ontario. These were called 
“blue pike” and regarded as either a species (Hubbs  1926 ) or as a subspecies  S. vitreus  
“ glaucus ” (Trautman  1981 ). Trautman ( 1981 ) documented a preponderance of morpho-
logical intergrades between the “blue pike” and common “yellow” walleye. 

 The “blue pike” was reported to vary from “normal” yellow-colored walleye by 
having a steel-grey blue color, larger eyes located higher on the head, a smaller 
interorbital distance, and a greater angle between the preopercle bone and branchio-
stegal rays (Bailey and Smith  1981 ; Trautman  1981 ; Hubbs and Lagler  2004 ). 
However, all of these characters – including color – overlapped extensively with 
those of the abundant and widespread “yellow” walleye, which was sympatric 
throughout Lakes Erie and Ontario (Scott and Crossman  1973 ; Trautman  1981 ). 

 The “blue pike” was reported to mostly inhabit deeper cooler waters of eastern 
Lake Erie, but also was caught in western Lake Erie (Trautman  1981 ). Spawning of 
the “blue pike” was reported to occur somewhat later and in deeper areas than other 
walleye (Stone  1948 ). The “blue pike” and “yellow” walleye shared a popular com-
mercial fi shery, with the “blue pike” collapsing in 1959 – attributed to exploitation, 
pollution, and/or habitat alteration – with walleye numbers declining concurrently 
(Trautman  1981 ). The “blue pike” had disappeared by the early 1960s (Hubbs and 
Lagler  2004 ), and offi cially was declared extinct in 1983 by the US Fish and Wildlife 
Service (Noecker  1998 ). 

 The “blue pike’s” popular saga has been confused by the facts that (1) it is not a 
member of the pike family (i.e., is not in the family Esocidae, but is in the Percidae), 
it apparently had no distinctive characters, including color (Trautman  1981 ; 
Haponski and Stepien  2014a ), and (3) walleye in northern waters (the Canadian 
Shield Lakes) frequently are bright turquoise blue in color from a protein in the 
mucus, termed sandercyanin (Yu et al.  2008 ). The turquoise-mucus colored-walleye 
do not match the deep steel-grey blue color or other morphological attributes of the 
“blue pike” (Stone  1948 ; Scott and Crossman  1973 ; Trautman  1981 ; Campbell 
 1987 ). The turquoise mucus walleye are reported to have a combination of sander-
cyanin pigment and lack of yellow xanthophores (Yu et al.  2008 ). 

 Both turquoise-mucus and yellow-colored walleye occur sympatrically in the 
same water bodies in Canada, with both secreting the blue mucus (Paradis and 
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Magnan  2005 ; Yu et al.  2008 ). Some of the turquoise blue color typically “rubs off” 
when the fi sh is collected (Yu et al.  2008 , CAS, personal observation). The turquoise 
mucus additionally has been reported on some yellow perch in those northern waters 
(Trautman  1981 ; Haponski and Stepien  2014a ). It has been hypothesized that the 
production of the turquoise mucus and sandercyanin in the Canadian Shield lakes is 
a response to ultraviolet light levels (Yu et al.  2008 ). 

 A recent study by Haponski and Stepien ( 2014a ) collected new morphological 
and genetic data from the original “blue pike” specimens named and described by 
Hubbs ( 1926 ). They examined all morphological and meristic characters that had 
been alleged to be diagnostic. They also sequenced the mtDNA control region and 
analyzed variation at nuclear DNA microsatellite loci from the “blue pike” speci-
mens, common “yellow” walleye from the same period, and contemporary walleye 
across North America from 23 spawning sites. The fi ndings showed that the “blue 
pike” was indistinguishable from common yellow-colored walleye collected from 
that same period in Lake Erie. It is possible that the “blue pike” comprised one or 
more reproductive groups in eastern Lake Erie, but there is no evidence to support 
any greater distinctiveness than found in other walleye spawning groups. 

 Haponski and Stepien ( 2014a ) also examined the genetic characters of typical 
“yellow” walleye and turquoise-colored mucus walleye that were collected together 
in McKim Lake, Ontario Canada using mtDNA control region sequence data and 
nine nuclear microsatellite loci. They found no genetic differences between fi sh of 
the two colors. Moreover, the McKim Lake samples showed no population genetic 
relationship to the extinct “blue pike” paratypes from Lake Erie (the same individu-
als that Carl Hubbs had named as “blue pike” Hubbs  1926 ). The turquoise mucus and 
“yellow” walleye from McKim Lake also did not show a population genetic origin 
shared with walleye from Lakes Erie or Ontario (see Figs.  25.4b  and  25.5b ). Stepien 
and Faber ( 1998 ) likewise analyzed several assorted turquoise mucus walleye from a 
variety of Canadian Shield lakes using entire mtDNA control region sequences and 
found no genetic distinction from the normal variation range of walleye. 

 Paradis and Magnan ( 2005 ) morphologically compared sympatric yellow and 
turquoise mucus walleye in fi ve Canadian Shield lakes near Quebec, reporting 
shorter head lengths and smaller interorbital distances in the latter. Laporte et al. 
( 2011 ) alleged slight genetic difference between turquoise mucus and yellow wall-
eye populations sampled within a lake using AFLP (amplifi ed fragment length 
polymorphism) markers and assignment tests, but had no diagnostic alleles and 
their genetic distance analyses lacked signifi cant bootstrap support. They reported 
that their assignments indicated that they could respectively genetically diagnose 
either the yellow or turquoise mucus type within a lake, but could not assign them 
as a whole when more than one lake was considered. Laporte et al. ( 2011 ) also 
stated that turquoise mucus walleye did not warrant taxonomic recognition as a 
subspecies. It may be that there are some differentiated walleye variants with color 
differences within some lakes across the range of the Canadian Shield; many dis-
tinctions at the population level are found among walleye spawning groups within 
Lake Erie and other Great Lakes basins (Strange and Stepien  2007 ; Stepien et al. 
 2009 ,  2010 ,  2012 ; Haponski and Stepien  2014a ,  b ). 
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 Occasional steel-grey/blue colored walleye and yellow perch have been reported 
from Lake Erie (Trautman  1981 ; Hubbs and Lagler  2004 ). A recent example is that 
a Lake Erie commercial fi sherman (Jeff Herr, personal communication, 2013) 
caught a dark steel-grey/blue yellow perch in summer 2013 at Fairport OH and 
steel-grey/blue walleye recently have been caught in the central and western basins 
of Lake Erie (AEH personal observation, 2013). A steel-grey/blue walleye individ-
ual sampled in the western basin near Sandusky OH had mtDNA haplotype 1 
(Haponski and Stepien  2014a ), which is the most common walleye haplotype (see 
Figs.  25.3b  and  25.5b ). A skin scraping showed no evidence of the turquoise mucus. 
A recent study by Wayne Schaeffer (personal communication, University of 
Wisconsin, 2013) found no turquoise mucus or sandercyanin in Lake Erie walleye. 
Overall, no diagnosable genetic or morphological characters have been found that 
distinguish historic “blue pike” from walleye, rendering its subspecies status invalid 
(Haponski and Stepien  2014a ). In contrast, many walleye spawning groups geneti-
cally differ from one another (Stepien and Faber  1998 ; Stepien et al.  2009 ,  2010 , 
 2012 ; Haponski and Stepien  2014a ).  

25.11     The Value of Genetic Data for Evaluating Restoration 

 As molecular-based population dynamics and structure analyses increasingly pro-
vide a way to better assess past and present levels of diversity in fi sh populations, a 
need for greater use of these techniques has been proposed in concert with tradi-
tional management approaches. When demographic data on exploited fi sheries are 
collected on a larger scale than population subunits, valuable data may be lacking 
for management decisions to conserve local genetic and morphological diversity 
and adaptedness, as appears to be the case for Lake Erie yellow perch (Kocovsky 
et al.  2013 ). Likewise, a landscape genetics study by LeClerc et al. ( 2008 ) described 
four distinct populations of yellow perch along a 310 km stretch of the St. Lawrence 
River, from ten microsatellite loci. These results were in contrast with recognized 
fi sheries management units in Quebec. Here we examine use of a combined 
approach linking fi sheries management, conservation genetics, and historical 
assessment of Great Lakes’ walleye populations. 

 Fish habitats in the Great Lakes and connecting tributaries were subject to exten-
sive and deleterious changes in the twentieth and twenty-fi rst centuries, with loss of 
wetlands, channelization of major streams, construction of dams, oxygen depletion, 
shoreline modifi cation, siltation of spawning areas, nutrient enrichment, water- 
quality deterioration, sand and gravel extraction, and invasive species introductions 
(Trautman  1981 ; Bolsenga and Herdendorf  1993 ; Fielder  2002 ; Hoff  2002 ; Ryan 
et al.  2003 ). For example, Lake Huron’s Saginaw Bay once housed the second- 
largest walleye fi shery in the Great Lakes (Schneider and Leach  1977 ; Fielder 
 2002 ), which collapsed in the 1940s from spawning-habitat degradation and over-
fi shing (Jude and Leach  1999 ). Similarly, Lake Michigan yellow perch populations 
underwent extensive declines, particularly in the 1980s and persisting to this day, 
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manifested in erratic recruitment patterns and the dependence on a single year class 
(recently 2005) for most reproductive effort at spawning grounds in the southern 
lake (Redman et al.  2013 ). Lake Erie has the largest walleye populations, which 
declined throughout the 1960s and the early 1970s due to reduced habitat and water 
quality, coupled with high exploitation (Regier and Hartman  1973 ). 

 International management regulations reduced exploitation and improved envi-
ronmental conditions, leading to the recovery of Lake Erie walleye during the 1980s 
and increases to historical abundance levels during the 1990s (Knight  1997 ). 
Commercial walleye fi shing was banned in Lake Huron’s Saginaw Bay in 1969, and 
a sport fi shery supported by stocking came into prominence in the 1980s (Fielder 
 2002 ; USFWS/GLFC  2010 ). Walleye numbers in the St. Louis River of western 
Lake Superior also increased following river cleanup, which today comprises the 
largest spawning group in that lake (MacCallum and Selgeby  1987 ; Hoff  2002 ; 
Schram et al.  2010 ). 

 A recent study by Haponski and Stepien ( 2014a ) found that genetic diversity of 
Lake Erie walleye in historic samples from the 1920s to 1940s was much less than 
in contemporary samples (mtDNA  H  D  = 0.05 ± 0.01 vs. 0.79 ± 0.00; μsat 
 H  O  = 0.47 ± 0.06 vs. 0.72 ± 0.01; compare to Table  25.2 ), suggesting population 
recovery after intense pollution and exploitation. The genetic composition, as shown 
by microsatellite alleles, underwent signifi cant changes ( F  ST  = 0.336). This was 
attributed to Lake Erie’s ecological recovery from pollution and increasing fi shery 
regulations, with walleye abundances increasing to ~80 million fi sh during the 
1980s and then declining to ~23 million in 2014 (see WTG  2014 ). Similarly, 
Guinand et al. ( 2003 ) found that genetic diversity of lake trout populations from 
Lakes Superior, Michigan, and Huron, based on fi ve microsatellite loci, was less in 
1940–1959 ( H  O  = 0.47) than in 1995–1999 (0.51). Likewise, Stott et al. ( 2013 ) found 
that lake whitefi sh  Coregonus clupeaformis  from Lakes Huron and Erie had lower 
diversity at seven microsatellite loci in 1927 ( H  O  = 0.60) than in 1997–2005 (0.65). 
These studies indicate that many fi sh populations recovered across the Great Lakes 
during the past decades. 

 In the past decade, Lake Erie walleye numbers have declined by about 60 % from 
the 1990s (Locke et al.  2005 ; WTG  2014 ). Yellow perch also have declined (YPTG 
 2014 ). Understanding and maintaining yellow perch and walleye population struc-
ture are critically important fi sheries-management goals designated by the Great 
Lakes Fishery Commission (Ryan et al.  2003 ; GLFC  2011 ). Genomics investiga-
tions by Bélanger-Deschênes et al. ( 2013 ) and Bougas et al. ( 2013 ) examined func-
tional polymorphisms of yellow perch from sites having an 85 year history of 
cadmium (Cd) and nickel (Ni) metal contamination versus clean lakes. Bélanger- 
Deschênes et al. ( 2013 ) discerned two non-synonymous point substitutions involv-
ing dissimilar amino acids. The authors suggest that potentially adaptive evolution 
selected for alleles that may increase perch fi tness in polluted environments. Bougas 
et al. ( 2013 ) found that 475 genes had signifi cantly different transcription levels 
across temperature variations, and 287 and 176 genes were differentially transcribed 
at different concentrations of Ni and Cd, respectively. Those metals infl uenced the 
transcription levels of genes involving iron metabolism, vitamin metabolism, blood 
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coagulation, and calcium transport. These studies foretell the insights to be gained 
by investigating functional genomic adaptations of populations. 

 The effect of contaminants such as heavy metals have an additional, and perhaps 
unexpected effect on percid biology; Azizishirazi et al. ( 2013 ) discerned that yellow 
perch living in metal contaminated lakes had reduced olfactory acuity as compared 
to those living in clean lakes. Such reduction in detecting olfactory cues might nega-
tively affect kin recognition ability described by Gerlach et al. ( 2001 ). Later 
improvement in water quality and the removal of metallic contaminants resulted in 
rapid recovery of olfactory capacities in previously impaired yellow perch popula-
tions (Azizishirazi et al.  2013 ), underscoring the benefi ts of habitat restoration 
beyond physical or water quality improvements. 

 Somatic and genetic markers were employed to evaluate the reproductive health 
of yellow perch populations for which fi sheries monitoring revealed reduced recruit-
ment, in urbanized and developed streams of the Chesapeake Bay watershed (Blazer 
et al.  2013 ). Results showed gonadal anomalies and changes in DNA integrity in 
those yellow perch population samples. These fi ndings suggest that pollution can 
signifi cantly impact reproduction and recruitment, the effects of which can be 
detected with molecular markers. 

 Genetic fi ndings to date, as illustrated in this chapter, reveal that most yellow 
perch and walleye populations have appreciable genetic diversity and signifi cantly 
differ from other populations, both nearby and distant, despite anthropogenic infl u-
ences. These diversity and divergence patterns translate to localized adaptations, 
which merit preservation. Accordingly, we recommend conserving their genetic 
composition and differentiation patterns by maintaining and restoring spawning 
habitats, and continued careful management of fi sheries.  

25.12     Use of Genetic Data to Resolve Questions About Stocking 

 A literature search recovered no studies of the genetic effects of yellow perch stock-
ing. For the most part, walleye were just occasionally stocked in the Great Lakes, 
showing little prevalent infl uence on the genetic structure and diversity of native popu-
lations. For example, Gatt et al. ( 2002 ) found that mtDNA restriction fragment length 
polymorphism (RFLP) diversity of walleye reproducing in Lake Huron’s Georgian 
Bay declined across three decades, from  H  D  = 0.50 in the 1960s to 0.15 in the 1990s, 
which they attributed to exploitation and stocking. Haponski and Stepien ( 2014a ) also 
recovered similarly low mtDNA control region sequence diversity ( H  D  = 0.15) for 
walleye spawning in the Moon/Musquash Rivers of Georgian Bay, showing that 
mtDNA diversity remains low there today. However, that bottleneck effect was 
restricted to mtDNA, since average levels of nuclear DNA variability were described 
for the same samples (Stepien et al.  2009 ,  2010 ; Haponski and Stepien  2014a ). 

 Studies have revealed introgression among hatchery stocks and wild populations 
of walleye in inland lakes from Ontario, Canada (Cena et al.  2006 ; Walter et al. 
 2012 ). Despite a long history of stocking activity (>60 years) for a number of these 
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inland lakes, the overall historical genetic signatures of native populations remain 
well preserved (Walter et al.  2012 ). The Grand River, Ontario in northeastern Lake 
Erie was stocked in the 1980–1990s with tagged adult walleye from the Thames 
River in Lake St. Clair, in effort to increase population abundance (MacDougall 
et al.  2007 ). The endeavor was regarded as unsuccessful as most adults did not 
remain at the site to spawn and were recaptured to the west (Timmerman  1995 ), 
which was attributed to natal homing (see Olson and Scidmore  1962 ; MacDougall 
et al.  2007 ). The stocking effort appeared to have little effect on the genetic compo-
sition of that native reproductive population (MacDougall et al.  2007 ). 

 Similarly, Garner et al. ( 2013 ) found that the native genetic structure of walleye 
reproducing in Lake Superior’s Black Bay was maintained despite large releases of 
foreign fi ngerlings (from the St. Marys River) in 2004 and 2005. Although the 
stocked fi ngerlings composed 45–71 % of the individuals in their respective age 
classes, they appeared to have lower reproductive success and utilized different 
habitats from the native Black Bay walleye. The genetic composition of that spawn-
ing population, based on nine nuclear μsat loci (six were the same as used here), was 
not altered towards the stocked individuals (Garner et al.  2013 ). In contrast, walleye 
stocking in Escanaba Lake, Wisconsin substantially changed the genetic composi-
tion of the native population between 1952 and 2002, despite retaining consistent 
diversity levels (mean  H  O  = 0.76) (Franckowiak et al.  2009 ). 

 The New York State Department of Environmental Conservation (NYSDEC) 
stocked Cattaraugus Creek NY in eastern Lake Erie with 2.2 million fry and 44,000 
fi ngerlings from western Lake Erie’s Maumee River in 1995–2000. However, a his-
toric group of walleye returns to spawn each spring in territorial waters of the 
Seneca Nation in Cattaraugus Creek. Walleye are no longer being stocked there, and 
the stockings were considered unsuccessful (D. Einhouse, New York Department of 
Environmental Conservation, personal communication 2014). Genetic analyses 
indicated that the stocking did not appear to genetically affect the native genotypes 
or diversity of walleye spawning in Cattaraugus Creek (Stepien et al.  2004 ; Haponski 
et al.  2014 ). There was no signifi cant difference between samples pre- versus post- 
stocking, according to results from nine nuclear microsatellite loci ( F  ST  = 0.003) and 
mtDNA control region sequence data ( F  ST  < 0.001); the spawners also signifi cantly 
differed from the Maumee River broodstock that was introduced ( F  ST  = 0.090). 
These studies indicate that it is important to retain the genetic signature of the his-
toric reproductive groups when stocking percids and other fi shes.  

25.13     Genetic Patterns in the Face of Climate Change 

 Temperatures in temperate regimes are predicted to increase over the next 50 years, with 
those in the Great Lakes region predicted to increase by 5–5.5 °C to become more like 
today’s Gulf Coast (Hayhoe et al.  2010 ). Warmer temperatures likely will alter growth 
rates and change maximum sizes and ages of yellow perch and walleye populations (see 
Carlander  1997 ). Climate change may disproportionally increase or decrease genetic 
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variability across a taxon’s range due to shifts in physical conditions or biological 
resources (Hewitt  1999 ; Petit et al.  2003 ; Hampe and Jump  2011 ), as occurred during 
Pleistocene glaciations (Oberdorff et al.  1997 ; Davis and Shaw  2001 ; Soltis et al.  2006 ) 
and is ongoing today (Araújo and Rahbek  2006 ; Harris and Taylor  2010 ). 

 Cena et al. ( 2006 ) found a positive relationship between walleye population het-
erozygosity and early growth rate, which was correlated with fi tness and additionally 
may be infl uenced by temperature. Dupont et al. ( 2007 ) and Zhao et al. ( 2008 ) dis-
cerned that population evolutionary origin was a signifi cant differentiating factor in 
biological characteristics among walleye populations. Bergek et al. ( 2010 ) suggested 
that environmental factors other than geographic distance distinguished among 
European perch spawning groups, which might have led to differences in their 
genetic compositions, with the most likely factor being water temperature differ-
ences among habitats during the spring reproductive season. Temperature differences 
may have led to genetic isolation of various spawning populations, with those in 
shallow waters reproducing earlier (Bergek et al.  2010 ). Similarly, both walleye and 
yellow perch were signifi cantly affected by water level fl uctuations of glacial lakes 
in North Dakota, with their highest recorded abundances and body weights occurring 
during high water periods (Dembkowski et al.  2013 ), underscoring potential deleteri-
ous effects of increased evaporation and water losses linked to climate change. 

 These fi ndings highlight the importance of spawning habitat and localized 
variations among their associated reproductive groups. It appears likely that the 
genetic structure among spawning localities will continue to develop as a product 
of the interplay between ancestral lineages and environmental variation among 
reproductive areas, rather than isolation by distance. If this concept holds true, 
then we should expect effects on genetic diversity and composition from the 
increasing pace of climate change and higher surface water temperatures with 
shifting population distributions. 

 Evaluating diversity and divergence patterns resulting from post-glacial disper-
sal and adaptation in new environments, and the genetic reservoirs comprising iso-
lated relict populations, may help us to predict the challenges faced by taxa during 
this era of rapid climate and habitat alterations. Populations along the lower latitu-
dinal fringes of a species’ native range likely house valuable genetic adaptations to 
warmer climates (Hampe and Petit  2005 ). In effect, global warming patterns rapidly 
are extending the northward post-glacial expansion trajectory of many taxa; mean-
while their southerly rear-edge groups may experience greater isolation, habitat 
reduction, and bottlenecks. Moreover, these southern genotypes may move north-
ward, given connection or transport opportunity. For example, the diverse South 
Atlantic coastal yellow perch populations may prove especially well-adapted to tol-
erating salinity fl uctuations and increasing water temperatures. This may facilitate 
their northward coastal migration, if sea levels rise to eventually connect low-lying 
estuaries that are currently isolated by barrier island and sandbar systems. Similarly, 
the large river walleye populations present in tributaries and main stem of the 
Mississippi River system may provide unique adaptability and resilience to warmer 
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temperatures, and may undergo a northerly shift. These distributional changes in 
populations are signifi cant in the context that they may interbreed with long-term 
native populations in the north. It is possible that native population adaptedness may 
be either positively or negatively infl uenced by these changes. 

 Warming temperatures and increases in storm events may infl uence fi sh popu-
lation structure and overall productivity via biological and climate-related effects, 
as outlined by Newbrey and Ashworth ( 2004 ). For example, Hill and Magnuson 
( 1990 ) suggested that changes in bioenergetics accompanying climate change 
might modify growth and prey consumption, thereby affecting food-web dynam-
ics. Shuter and Post ( 1990 ) suggested that an increase of 4 °C may shift the distri-
butional limit of yellow perch northward and, depending on lake morphometry 
and productivity, might also greatly affect survival, relative year-class strength, 
and ecosystem carrying capacity. To date, populations of yellow perch and wall-
eye possess relatively consistent levels of genetic diversity and high local distinc-
tiveness. These appear to have been maintained despite anthropogenic habitat 
loss, degradation, fragmentation, and exploitation, likely offset by their large 
population sizes and the relative abundance of habitats throughout the Great 
Lakes and other systems. 

 Genetic structure of today’s yellow perch and walleye populations refl ects inter-
play among climatic events, ephemeral waterway connections, population sizes, 
and likely spawning group philopatry. Delineation of the genomic adaptations that 
underlie the patterns of genetic diversity and diversity described here will aid pre-
dictions of likely response to changing environments, new habitat areas, and exploi-
tation pressures (see Allendorf et al.  2010 ; Avise  2010 ). A combined fi sheries 
management and genetics/genomic approach provides a bridge for understanding 
the unique challenges faced by aquatic taxa due to their constrained dispersal and 
gene fl ow via habitat connectivity. Understanding the historical and present day 
 factors that shaped today’s populations may aid their continued conservation in the 
face of future challenges.     
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