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ABSTRACT 

INDEXING WALLEYE RECRUITMENT IN EASTERN SOUTH DAKOTA 

NATURAL LAKES 

TODD M. KAUFMAN 

2017 

Because of the popularity of Walleyes and the need for recurrent supplemental 

stockings, substantial resources are allocated to their management in eastern South 

Dakota.  For nearly 20 years, fall night electrofishing has been used to monitor age-0 

Walleye population parameters, and index future year-class strength in select waters but 

with limited evaluation.  Additionally, knowledge of recruitment patterns and factors that 

influence those patterns were of interest.  Thus, the objectives of this study were: 1) to 

determine the utility of fall electrofishing age-0 Walleyes to index future year-class 

strength; 2) to explore whether measures of fall age-0 body size or condition are related 

to Walleye recruitment; 3) to identify Walleye recruitment patterns and explore 

recruitment synchrony; and 4) to examine the influence of select abiotic and biotic 

variables on Walleye recruitment in eastern South Dakota natural lakes. 

  Long-term data sets were used to assess Walleye recruitment.  Spearman 

correlations were used to evaluate the ability of age-0 Walleye fall night electrofishing to 

index year-class strength (age-2 CPUE) and explore relationships between recruitment, 

age-0 mean TL (standardized to 15 September), and condition.  While high age-0 

CPUE’s did not ensure strong recruitment to age 2, positive correlations identified for 

most lakes suggests that fall night electrofishing provides a coarse, but useful index of 
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recruitment in eastern South Dakota natural lakes and should be continued.  Meanwhile, 

correlations used to examine relationships between age-0 Walleye fall size or condition 

and recruitment yielded few significant results, and thus provided little additional 

information in terms of indexed year-class strength.   

In a subset of lakes, Walleye recruitment patterns were assessed and an 

information-theoretic approach was used to evaluate the influence of select abiotic and 

biotic predictor variables on recruitment.  Walleye recruitment was highly variable within 

and among lakes from 1998-2013 and fluctuations in recruitment were generally non-

synchronous.  While much of the variation in Walleye recruitment remained unexplained, 

model selection results supported adult Northern Pike Esox lucius relative abundance and 

reduced models that included winter severity.  Although relationships were weak, lower 

Walleye recruitment was generally associated with higher Northern Pike relative 

abundance and increased winter severity.   
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CHAPTER 1.  INTRODUCTION AND LITERATURE REVIEW 

Walleyes Sander vitreus are native to or have been introduced throughout much 

of the United States and Canada (Billington et al. 2011).  Throughout their range, they are 

a highly-valued sport fish and in many areas provide economically important recreational 

fisheries (Schmalz et al. 2011).  In South Dakota, Walleyes are the most popular sport 

fish (Gigliotti 2014; USDOI 2011).  A statewide angler survey found that anglers spent 

approximately 2.64 million days fishing South Dakota waters and harvested an estimated 

2.7 million (43% of total fish harvest by number) Walleyes and Saugers S. canadensis 

combined during 2013 (Gigliotti 2014).   

Eastern South Dakota (ESD) contains a high proportion of the state’s natural lakes 

making it a popular destination for anglers (Willis et al. 2007; Gigliotti 2014).  A period 

of above normal precipitation during the late-1990s increased the surface area and depth 

of many natural lakes and wetlands across ESD (Shapley et al. 2005; Kahara et al. 2009).  

The resulting high water conditions transformed many marginal lakes and shallow 

wetland complexes into larger and deeper waters (e.g., Bitter and Waubay Lakes) capable 

of supporting sport fish populations.  Introductions of Walleyes and Yellow Perch Perca 

flavescens, whether stocked or by other means (e.g., via connected waters, bait-bucket 

introductions) into these highly productive systems, were often successful (i.e., high 

survival and subsequent recruitment, fast growth).  Similarly, fish populations in 

previously existing lakes (e.g., Enemy Swim Lake, Lake Poinsett) also responded 

positively to the high water conditions, although to a lesser degree.  As a result, ESD has 

experienced an influx of anglers (Blackwell and Hubers 2003; Lucchesi 2009; Gigliotti 

2014) that continues today.   
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Indexing Walleye Recruitment 

 Currently, the South Dakota Department of Game, Fish and Parks (SDGFP) 

actively manages the fisheries in 73 permanent and semi-permanent large natural lakes 

(i.e., > 60 ha) across ESD; of those, 67 (92%) are managed for Walleye (SDGFP 2016a).  

From a management perspective, fluctuations in recruitment (i.e., year-class strength) can 

have a substantial influence on relative abundance and size structure of fish populations 

(Buynak and Mitchell 2002; Isermann 2007; Hansen and Nate 2014) and ultimately the 

success of the fishery.  Thus, the ability to index year-class strength early in a fish’s life 

can be a valuable tool (Curtis et al. 1993; Sammons and Bettoli 1998; St. John and Black 

2004).  For example, Curtis et al. (1993) developed a simple linear regression model 

using bottom trawl catches of yearling Lake Whitefish Coregonus clupeaformis to predict 

recruitment of age-6 fish to the commercial fishery of Lake Superior.  At Normandy 

Reservoir, Tennessee, larval trawling during the spring provided an accurate index of 

year-class strength for crappies Pomoxis spp. and White Bass Morone chrysops 

(Sammons and Bettoli 1998).  Larval trawling allowed year-class strength of these two 

species to be indexed earlier and with less effort than traditional methods, potentially 

allowing for remedial actions (e.g., supplemental stocking) to be implemented during 

years of limited production.  At J. Percy Priest Reservoir, Tennessee, fall trap net catch 

rates of age-0 crappies were used to index year-class strength; reservoir discharge during 

May was negatively related to the index and the authors suggested that this negative 

relation provides an early indication of year-class strength that would be useful in 

developing crappie management strategies (St. John and Black 2004). 
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Fall night electrofishing is  commonly used to sample age-0 Walleyes (Serns 

1982; Hansen et al. 2004; Isermann and Parsons 2011) and relative abundance estimates 

are often used as an index of relative year-class strength (Larscheid 2001; Lucchesi and 

Scubelek 2001).  Serns (1982) found a significant positive linear relationship between 

Walleye fingerling density and electrofishing CPUE for 13 northern Wisconsin lakes 

over a 7-year period.  Conversely, Hansen et al. (2004) observed that electrofishing 

CPUE of age-0 Walleyes was nonlinearly related to age-0 Walleye population density in 

19 Wisconsin lakes.  The nonlinearity indicated that the catchability of age-0 Walleyes 

during fall electrofishing decreased with increasing population density.  Despite the 

shortcomings identified by Hansen et al. (2004), they believed that fall electrofishing was 

a fast and efficient method for obtaining information concerning relative year-class 

strength of age-0 Walleyes.         

Since the mid-1990s, SDGFP has used the fall night electrofishing catch-per-unit-

effort (CPUE; mean number per hour) of age-0 Walleyes as an indicator of potential 

recruitment in select ESD natural lakes.  Lucchesi and Scubelek (2001) used fall night 

electrofishing CPUE of age-0 Walleyes to classify year-class strength for ESD waters 

with the following scale:  weak (CPUE<22), moderate (22<CPUE<55), moderately 

strong (55<CPUE<160) and strong (CPUE > 160).  However, the utility of fall night 

electrofishing age-0 Walleyes to index year-class strength in ESD natural lakes has not 

been evaluated.   

A reliable recruitment index requires knowledge of when year-class strength is 

established for a given species.  For Walleyes, the relative abundance of age-0 

individuals in the fall is thought to provide a useful indication of future year-class 
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strength for many but not all populations.  For example, fall fingerling Walleye density 

was the most important factor regulating adult densities in Escanaba Lake, Wisconsin, 

from 1955 to 1972 (Kempinger and Carline 1977).  Similarly, relative abundance of age-

0 Walleyes in the fall night electrofishing catch was determined to be a useful predictor 

of adult year-class strength in northern Wisconsin lakes (Johnson 1999).  In that study, 

among lakes stock-recruitment and simple linear regression models that included only 

age-0 relative abundance as the predictor variable explained up to 60% of the variation in 

adult year-class strength.  In large Kansas reservoirs, fall gill net catch rates of age-0 

Walleyes were highly correlated with gill net catch rates of age-1 Walleyes the following 

year (Willis 1987; Quist 2007) and gill net catch rates of age-2 Walleyes 2 years later 

(Quist 2007).  However, fall gill net catches of age-0 Walleyes were not highly correlated 

with gill net catch rates of age-3 or age-4 fish, which may be attributed to differential 

mortality rates likely related to angler harvest of age-3 and older Walleyes (Quist 2007).  

Following a 9-year study of ESD natural lakes, Hansen and Lucchesi (1991) suggested 

that high catch rates of age-0 Walleyes in bottom trawls completed during fall 

corresponded with dominant year classes in Pickerel Lake.  In contrast, Walleye year-

class strength was not established until mid-summer at age 1 in Oneida Lake, New York 

(Forney 1976).  At Lake Mendota, Wisconsin, survival of stocked Walleyes to age-1 was 

not predicted by survival to fall age-0 due to high overwinter mortality; as a result, the 

authors suggested that stocking evaluations should extend beyond fall age-0 (Johnson et 

al. 1996).  Likewise, in a study evaluating the contribution of stocked fry and small 

fingerlings to Walleye populations in ESD lakes Lucchesi (2002) noted that year-class 

strength may not be set by fall at age-0 in some lakes, as the relative abundance of age-0 
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Walleyes in the fall night electrofishing catch failed to forecast adult year-class strength 

in several fingerling stocked lakes.    

Overwinter mortality, during the first winter of life, can be an important factor 

governing year-class strength in fish populations (Hurst 2007).  First year growth can 

play a key role in overwinter survival of age-0 fishes as sources of overwinter mortality 

tend to be size selective, with smaller individuals often experiencing higher mortality 

than larger individuals (see review by Sogard 1997).  Two general mechanisms are 

believed to be at play:  1) smaller individuals are more vulnerable to predation, 

particularly during extended winters; and 2) smaller individuals may be more susceptible 

to starvation due to lower energy reserves that become depleted during winter (Forney 

1976; Post and Evans 1989; Ludsin and DeVries 1997; Sogard 1997).   

Size selective overwinter mortality of fall age-0 Walleyes has generally been 

attributed to predation by older conspecifics or other large piscivores (Chevalier 1973; 

Forney 1976; Johnson et al. 1996).  For example, age-0 cohorts that surpassed 175 mm 

TL by late fall were less vulnerable to predation and experienced lower overwinter 

mortality than cohorts that remained smaller (i.e., < 175 mm TL) in Oneida Lake, New 

York (Forney 1976).   A similar mechanism was thought to influence overwinter survival 

and subsequent recruitment of stocked Walleyes in Lake Mendota, Wisconsin (Johnson et 

al. 1996).  In a recent study, differences in night electrofishing catch rates of fall age-0 

Walleyes between fall and spring were attributed to overwinter mortality in multiple ESD 

natural lakes (Grote 2015).  In that study, evidence suggested that overwinter mortality 

was size selective in three of the four lakes but no mechanism was identified.  Pratt and 

Fox (2002) used hatchery ponds to investigate the role of body size and predation on 
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overwinter survival of age-0 Walleyes.  Differences in overwinter survival of age-0 

Walleyes were not apparent between ponds with and without predators; however, age-0 

Walleyes that overwintered in ponds containing predators weighed less and had lower 

lipid concentrations than those reared in ponds without predators; the authors suggested 

that size selective overwinter mortality incurred in some Walleye populations may be 

directly related to higher energetic costs associated with predator avoidance.  In contrast, 

lipid content was thought to have little effect on overwinter survival of age-0 Walleye in 

Pennsylvania lakes (Copeland and Carline 1998).  In situations where overwinter 

mortality of age-0 fishes is high, whether size selective or not, traditional year-class 

strength indices that utilize relative abundance at age-0 may not adequately index future 

year-class strength and it may be necessary to delay indexing until after this critical 

period (Hurst 2007; Grote 2015).  

Additional Factors Affecting Walleye Recruitment  

Walleye natural reproduction and subsequent recruitment is often sporadic or 

limited in ESD natural lakes.  Therefore, supplemental stockings are commonly used in 

an attempt to offset no or limited natural recruitment (Kaufman et al. 2016; SDGFP 

2016b).  Walleyes that are naturally produced are subject to differing initial mortality 

factors than those that are stocked.  For example, variable spring temperatures often 

associated with frequency and intensity of cold fronts can disrupt adult spawning 

activities (Hokanson 1977) and extend egg incubation periods subjecting eggs to 

environmental factors (e.g., displacement, fungus, predation) that reduce hatching success 

(Busch et al. 1975; Bozek et al. 2011).  Walleyes hatched in a hatchery setting are not 

subjected to these influences, but are impacted similarly by factors that affect survival 
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later in life (i.e., post hatch) such as prey availability (Hoxmeier et al. 2006; Peterson et 

al. 2006; Bozek et al. 2011) or predation (Santucci and Wahl 1993; Quist et al. 2003; 

Fayram et al. 2005).  

Highly variable recruitment is common in both stocked and non-stocked Walleye 

populations across North America (Isermann 2007; Nate et al. 2011).  Factors influencing 

Walleye recruitment have been extensively studied in a diversity of systems (e.g., natural 

lakes and reservoirs).  These studies have attributed recruitment variability to a number of 

biotic and abiotic factors.  For example, Hansen et al. (1998) reported that parental stock 

abundance, variation in May water temperatures and abundance of adult Yellow Perch 

influenced Walleye recruitment in Escanaba Lake, Wisconsin.  Abundance of parental 

stock, spring warming rate of the water, and Gizzard Shad Dorosoma cepedianum 

abundance in the fall prior to spawning were identified as important variables in Lake 

Erie (Madenjian et al. 1996).  Predation by adult Walleyes and the presence of alternative 

prey (e.g., Yellow Perch) interacted to regulate year-class strength in Oneida Lake, New 

York, from 1966-1973 (Forney 1976).  More recently at Oneida Lake, predation by 

double-crested cormorants Phalacrocorax auritus has been suggested as an additional 

factor impacting Walleye recruitment to the adult stage (Rudstam et al. 2004).  White 

Crappie Pomoxis annularis predation was thought to limit Walleye recruitment in Kansas 

reservoirs; however, when White Crappies were less abundant Walleye recruitment was 

more variable and likely regulated by abiotic factors (Quist et al. 2003).  Variations in 

Walleye recruitment have been related to a host of abiotic factors including water levels 

(Kallemeyn 1987; Deboer et al. 2013), thermal conditions [i.e., water temperature (Busch 

et al. 1975; Quist et al. 2004; Graeb et al. 2010) or air temperature (Kallemyn 1987; 
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Schuup 2002)], reservoir storage ratios (Willis and Stephen 1987), and wind and wave 

action (Roseman et al. 1996; Zhao et al. 2009).  In addition, climatic conditions may 

influence Walleye recruitment across broad geographical areas (Schupp 2002; Beard et 

al. 2003).  

Synchronous fluctuations in fish population abundance across various 

geographical distances have been attributed to climate in both marine (Beamish et al. 

1999, 2000; Lehodey et al. 2006) and freshwater (Beard et al. 2003; Phelps et al. 2008; 

Bunnell et al. 2010) environments.  Phelps et al. (2008) theorized that a gradient in 

recruitment synchrony exists among fishes; highly synchronous populations would be 

affected by broad temporal-scale climatic patterns while asynchronous populations are 

more affected by localized climatic events or biotic factors such as predation or 

competition.  In South Dakota, Common Carp Cyprinus Carpio, Yellow Perch, and 

White Bass Morone Crysops have been shown to exhibit recruitment synchrony (Pope et 

al. 1997; Phelps et al. 2008; Dembkowski 2014), while bluegill recruitment was reported 

to be asynchronous (Edwards et al. 2007).  Koonce et al. (1977) found Walleye 

recruitment to be moderately synchronous in several North American lakes. Synchronous 

recruitment was reported for Walleye populations in 162 small lakes across northern 

Wisconsin; recruitment synchrony was attributed to broad-scale climatic effects (Beard et 

al. 2003).  Walleye and Sauger recruitment was synchronous in several pools on the 

upper Mississippi River as environmental factors that are systemic to the upper 

Mississippi River appeared to influence recruitment (Pitlo 2002).  Based on previous 

research, I hypothesized that Walleye populations in ESD natural lakes would likely 

follow a synchronous recruitment pattern.   



9 
 

The ability to reliably index Walleye year-class strength early in life (e.g., fall age 

0) and having an increased understanding of Walleye recruitment patterns in ESD natural 

lakes will benefit fisheries biologists responsible for managing these systems. Knowledge 

of year-class strength during the first year of life can be important when making future 

stocking recommendations. Walleye generally do not fully recruit to the SDGFP standard 

experimental gill nets until age 2 or 3 depending on growth rates and timing of sampling.  

Thus, several years can pass before information concerning year-class strength is 

available making it difficult to know whether additional stocking should occur.  

Additionally, if year-class strength is related to certain abiotic (e.g., climate) or biotic 

(e.g., fish assemblage) conditions, managers may also be able to forecast Walleye 

recruitment success or failure in waters that are not part of annual sampling efforts.    

Long-term data sets offer the best source of information available when 

investigating recruitment dynamics in fishes (Isermann et al. 2002; Maceina and Pereira 

2007; Quist 2007).   Data sets collected using standardized procedures (i.e., fall night 

electrofishing and gill netting) were not available for ESD natural lakes until the late 

1990s.  Data from these long-term data sets will be used to assess Walleye recruitment in 

a subset of ESD natural lakes.  Specifically, the objectives of this study are: 1) to 

determine the utility of fall electrofishing age-0 Walleyes to index future year-class 

strength; 2) to explore whether measures of fall age-0 body size or condition are related 

to Walleye recruitment patterns; 3) to identify Walleye recruitment patterns and explore 

recruitment synchrony; and 4) to examine the influence of select abiotic (i.e., climate) 

and biotic (i.e., fish assemblage) variables on Walleye recruitment in ESD natural lakes.     
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Table 2-1.  Physical characteristics for 11 natural lakes included in an examination of 

Walleye recruitment across eastern South Dakota; includes surface area, mean depth, 

maximum (Max.) depth, and shoreline development index (SDI) values.     

Lake Surface area (ha) Mean depth (m) Max. depth (m) SDI 
Bitter* 6,572 

 
8.5 3.4 

Brant 420 2.9 4.3 1.5 
Clear 474 3.8 6.7 1.5 
Kampeska 2,054 2.3 5.0 1.5 
Lynn* 630 3.7 7.9 4.4 
Madison 1,070 2.4 4.7 2.2 
Poinsett 3,201 5.0 6.7 1.3 
Roy 832 3.0 6.3 3.7 
Sinai 696 5.2 10.1 2.4 
Thompson* 5,044 4.4 7.9 2.6 
Waubay* 6,293 4.9 10.7 4.5 

*Newly expanded lake; historically supported limited to no sportfish populations  
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Table 2-2. Summary statistics including years sampled, mean conductivity (µS), mean 

water temperature (Temp; ºC), and mean electrofishing effort (h) for fall night 

electrofishing; month of standardized gill net sample and netting effort (net nights) for 11 

eastern South Dakota natural lakes included in an examination of Walleye recruitment. 

Standard errors are provided in parentheses.     

    Fall electrofishing Gill netting 
Lake Year Conductivity Temp Effort Month Effort 
Bitter 2002-2011 2,229 (178) 18.2 (1.4) 0.93 (0.04) August 6-8 
Brant 1996-2011 1,797 (50) 19.9 (0.9) 1.96 (0.04) July 3-6 
Clear 1996-2011 451 (21) 17.9 (1.0) 1.11 (0.07) July 6 
Kampeska 1998-2011 509 (29) 17.7 (1.7) 1.05 (0.03) July 6 
Lynn 2005-2011 1,387 (111) 15.8 (1.4) 0.91 (0.06) September 6 
Madison 1999-2011 1,896 (63) 20.2 (0.8) 2.00 (0.00) July 3-6 
Poinsett 1998-2011 1,171 (54) 17.4 (1.2) 1.00 (0.04) July 6 
Roy 1999-2011 531 (32) 14.5 (1.2) 1.00 (0.04) July 6 
Sinai 2000-2011 1,481 (45) 18.8 (0.8) 1.92 (0.06) July 3-6 
Thompson 1999-2011 1,516 (70) 17.9 (1.0) 1.90 (0.10) August 3-6 
Waubay 1998-2011 1,846 (65) 20.7 (1.2) 1.03 (0.04) August 8 
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Table 2-3.  Walleye long-term mean values (i.e., mean of annual means) for the age-0 index, age-2 index, fall age-0 total 

length (TL; mm) and fall age-0 relative weight (Wr) for 11 eastern South Dakota natural lakes included in an examination of 

Walleye recruitment..  Also, presented are minimum (Min.) and maximum (Max.) values for age-0 and age-2 Walleye indices 

within lakes.  Coefficient of variation is reported in parentheses.   

  Age-0 Walleye  Age-2 Walleye 
Lake Year Class Mean Min. – Max. TL Wr  Mean Min. – Max. 
Bitter 2002-2011 157 (117) 0 - 440 167 (12) 96 (6)  6 (106) 0 - 17 
Brant 1996-2011 74 (80) 0 - 178 166 (16) 93 (4)  5 (70) 0 - 11 
Clear 1996-2011 173 (104) 0 - 567 137 (10) 88 (4)  2 (98) 0 - 7 
Kampeska 1998-2011 74 (153) 0 - 342 141 (11) 90 (6)  5 (87) 0 - 13 
Lynn 2005-2011 296 (131) 0 - 988 160 (22) 98 (7)  4 (78) 1 - 8 
Madison 1999-2011 163 (132) 2 - 710 181 (14) 99 (7)  6 (113) 0 - 21 
Poinsett 1998-2011 169 (134) 0 - 706 146 (9) 88 (5)  4 (143) 0 - 24 
Roy 1999-2011 326 (103) 13 - 1106 134 (11) 88 (5)  1 (125) 0 - 6 
Sinai 2000-2011 104 (97) 5 - 291 171 (11) 92 (8)  5 (168) 0 - 34 
Thompson 1999-2011 119 (89) 5 - 290 156 (10) 97 (7)  10 (78) 1 - 21 
Waubay 1998-2011 75 (218) 0 - 619 150 (17) 93 (8)  6 (142) 0 - 27 
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List of Figures 

Figure 2-1.  Map depicting geographic location for 11 natural lakes included in an 

examination of Walleye recruitment across eastern South Dakota. 

Figure 2-2.  Graphical representation of the relationship between age-0 (open bars; 

primary y-axis) and age-2 (filled circles; secondary y-axis) indices for 

Walleyes in 11 eastern South Dakota natural lakes included in an 

examination of Walleye recruitment; includes Spearman correlation 

coefficients (* denotes α < 0.05).  To reduce clutter error bars are not 

included; annual means and standard errors are reported in Appendix 3.   

Figure 2-3.  Relations between age-0 index values and age-0 mean TL (mm; standardized 

to 15 September; Hansen and Lucchesi 1991) for Walleye sampled from 11 

eastern South Dakota natural lakes included in an examination of Walleye 

recruitment; includes Spearman correlation coefficients (* denotes α < 

0.05).  Annual means and standard errors are reported in Appendix 3.   

Figure 2-4.  Relations between age-0 index values and age-0 mean relative weight (Wr) 

for Walleye sampled from 11 eastern South Dakota natural lakes included in 

an examination of Walleye recruitment; includes Spearman correlation 

coefficients (* denotes α < 0.05). Annual means and standard errors are 

reported in Appendix 3.  

Figure 2-5.  Relations between age-2 index values and age-0 mean TL (mm; standardized 

to 15 September; Hansen and Lucchesi 1991) for Walleye cohorts that had > 

moderate relative abundance (CPUE > 22; Lucchesi and Scubelek 2001) at 

age-0 in 11 eastern South Dakota natural lakes included in an examination 
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of Walleye recruitment; includes Spearman correlation coefficients (* 

denotes α < 0.05).  Annual means and standard errors are reported in 

Appendix 3.  

Figure 2-6.  Relations between age-2 index values and the corresponding age-0 mean 

relative weight (Wr) for Walleye cohorts that had > moderate relative 

abundance (CPUE > 22; Lucchesi and Scubelek 2001) at age-0  in 11 

eastern South Dakota natural lakes included in an examination of Walleye 

recruitment; includes Spearman correlation coefficients (* denotes α < 

0.05).  Annual means and standard errors are reported in Appendix 3.  
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1. Roy Lake, Marshall County
2. Clear Lake, Marshall County
3. Lynn Lake, Day County
4. Waubay Lake, Day  County
5. Bitter  Lake, Day County
6. Lake Kampeska, Codington County
7. Lake Poinsett, Hamlin County
8. Lake Thompson, Kingsbury County
9. Lake Sinai, Brookings County
10. Lake Madison, Lake County
11. Brant Lake, Lake County

  

Figure 2-1. 
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Figure 2-2. 
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Figure 2-2. continued. 
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Figure 2-2. continued. 
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Figure 2-2. continued. 
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Figure 2-3.  

Age-0 Mean TL 
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Figure 2-3. continued. 

Age-0 Mean TL 
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Figure 2-4. 

Age-0 Mean Wr 
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Figure 2-4. continued.  

Age-0 Mean Wr 
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Figure 2-5.  

Age-0 Mean TL 
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Figure 2-5. continued. 

 

Age-0 Mean TL 
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Figure 2-6. 

Age-0 Mean Wr 
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Figure 2-6. continued. 

Age-0 Mean Wr 
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CHAPTER 3.  EVALUATING WALLEYE RECRUITMENT SYNCHRONY AND 

FACTORS THAT POTENTIALLY INFLUENCE RECRUITMENT 

FLUCTUATIONS IN EASTERN SOUTH DAKOTA NATURAL LAKES 

Walleye Sander vitreus, is a preferred species across northern portions of North 

America (Schmalz et al. 2011) and is the most popular sport fish in South Dakota 

(Gigliotti 2014; USDOI 2011).  Because of their popularity, South Dakota Department of 

Game, Fish and Parks (SDGFP) expends substantial resources managing the majority 

(92%) of eastern South Dakota (ESD) natural lake fisheries >60 ha for Walleyes 

(Kaufman et al. 2016; SDGFP 2016a; SDGFP 2016b).  Fluctuations in Walleye 

recruitment (i.e., year-class strength) can have a substantial influence on their relative 

abundance and population size structure (Isermann 2007; Hansen and Nate 2014) and 

ultimately the success of the fishery.  Accordingly, knowledge of recruitment patterns 

and factors that influence those patterns can be beneficial when managing Walleyes. 

High variability in Walleye recruitment is common (Isermann 2007; Nate et al. 

2011) and has been attributed to both biotic and abiotic factors (see Chapter 1; Nate et al. 

2011).  Biotic influences on recruitment, which tend to function within a waterbody, 

generally center on adult Walleye densities and interactions with other sympatric fish 

species (Forney 1976; Madenjian et al. 1996; Hansen et al. 1998; Quist et al. 2003).  

Abiotic factors including water levels (Kallemeyn 1987; Deboer et al. 2013), thermal 

conditions [i.e., water temperature (Busch et al. 1975; Quist et al. 2004; Graeb et al. 

2010) or air temperature (Kallemyn 1987; Schupp 2002)], and wind and wave action 

(Roseman et al. 1996; Zhao et al. 2009) have been related to variations in Walleye 
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recruitment.  Abiotic factors can have an influence on fish recruitment over relatively-

broad geographic areas (Schupp 2002; Beard et al. 2003; Nate et al. 2011). 

Synchronous fluctuations in fish populations across geographical distances have 

been attributed to climate in both marine (Beamish et al. 1999, 2000; Lehodey et al. 

2006) and freshwater (Beard et al. 2003; Phelps et al. 2008; Bunnell et al. 2010).  In 

northern Wisconsin lakes, synchronous fluctuations in Walleye recruitment were 

attributed to broad-scale climatic effects (Beard et al. 2003).  In ESD lakes, Common 

Carp Cyprinus Carpio, Yellow Perch Perca flavescens, and White Bass Morone 

Chrysops have been shown to exhibit recruitment synchrony among lakes (Pope et al. 

1997; Phelps et al. 2008; Dembkowski 2014).  The synchrony exhibited by these species 

was thought to be the result of climate-related factors.  Conversely, bluegill recruitment 

was reported to be asynchronous in four South Dakota impoundments (Edwards et al. 

2007).  Based on the findings of the aforementioned studies, I expected that Walleye 

populations in ESD natural lakes would follow a synchronous recruitment pattern.     

Long-term data collected using standardized sampling (e.g., annual gill netting) 

provide the best source of information available when investigating recruitment dynamics 

in fishes (Isermann et al. 2002; Maceina and Pereira 2007; Quist 2007).  Long-term data 

sets dating back to the late-1990s offer an opportunity to evaluate Walleye recruitment 

patterns and the factors influencing recruitment in ESD natural lakes.  An increased 

understanding of Walleye recruitment dynamics will benefit fisheries biologists 

managing these systems and may allow for inferences to be made for waters that are not 

part of annual sampling efforts if fluctuations in recruitment are synchronous or are 

related to certain abiotic (e.g., climate) or biotic (e.g., fish assemblage) conditions.  Thus, 
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the goals of this research were to 1) evaluate the extent of Walleye recruitment synchrony 

in ESD natural lakes and 2) determine the relative influence of select abiotic (i.e., 

climate) and biotic (i.e., fish assemblage) variables on Walleye recruitment using an 

information-theoretic approach.       

Methods 

Study area 

Walleye recruitment patterns were assessed in eight natural lakes (Bitter, Cattail, 

Clear, Kampeska, Poinsett, Roy, Thompson and Waubay) that span a north-south 

gradient of approximately 160 km in ESD (Figure 3-1).  The study lakes varied in size 

(i.e., surface area), depth, and basin morphology (Table 3-1) and represented a subset of 

the most intensively managed Walleye fisheries in ESD.  Habitat characteristics of these 

lakes differ but all are typical of natural lakes located within ESD (Stukel 2003; Willis et 

al. 2007).  Four lakes (Clear, Kampeska, Poinsett, and Roy) have sustained sport fish 

populations for an extended time period (i.e., prior to recent wet period [Shapely et al. 

2005]) and contain diverse fish assemblages.  The other four lakes (Bitter, Cattail, 

Thompson, and Waubay) are considered “newly expanded” and during the years 

immediately after their expansion contained relatively simple fish communities (e.g., 

Fathead Minnow Pimephales promelas, Walleye, and Yellow Perch).  Introductions of 

Walleye and Yellow Perch into these expanded waters, whether SDGFP stockings, illegal 

stockings or via connected waters, were often successful (i.e., survival and subsequent 

recruitment were high) resulting in popular sport fisheries (Blackwell and Hubers 2003; 

Luccchesi 2009).  Fish assemblages in these “newly expanded” lakes have become 

increasingly diverse with time and now more closely resemble that of the permanent 
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waters included in this study.  In most cases, SDGFP manages Walleye populations in 

conjunction with other sport fish species such as Black Crappie Pomoxis Nigromaculatus, 

Bluegill Lepomis macrochirus, Largemouth Bass Micropterus salmoides, Northern Pike 

Esox lucius, Smallmouth Bass M. dolomieu or Yellow Perch (Kaufman et al. 2016; 

SDGFP 2016b).  Management strategies intended to enhance or maintain Walleye 

populations in the study lakes have generally centered on harvest reductions through 

various length or daily limit regulations (Appendix 1) and supplemental stockings 

(Appendix 2).    

Data collection 

Abiotic factors (climate).  Four climate-related abiotic factors were identified 

from previous research as being important for Walleye recruitment:  1) spring water level 

fluctuations; 2) variation in spring temperatures; 3) summer temperatures; and 4) winter 

severity.  Spring water level fluctuations (ELEV) were calculated as the difference 

between spring (i.e., April or May) and the previous fall (i.e., September or October) 

water level elevations at each lake; thus, positive values denoted an increase in water 

levels.  Water level elevation data were obtained from the South Dakota Department of 

Environment and Natural Resources (https://apps.sd.gov/NR65LakeInfo/public.aspx).   

Air temperature data (ºC) were used as a surrogate for water temperature data and 

retrieved from National Oceanic and Atmospheric Administration (NOAA) weather 

stations located closest to each study lake.  For each lake-year combination (1998-2013) 

the variation in spring air temperatures (SPT) was indexed using the coefficient of 

variation (CV; 100 X SD/mean) of April-May daily air temperatures, summer air 

temperatures (SUT) were calculated by summing the monthly totals of the average daily 

https://apps.sd.gov/NR65LakeInfo/public.aspx
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temperatures from May-September, and the winter severity index (WSI) was quantified 

as the number of days the minimum air temperature was below 0 ºC from October-April.      

Biotic factors (fish assemblage).  Fish assemblage data were obtained during 

annual netting surveys conducted during summer (i.e., July or August) by SDGFP.  

Annual netting surveys employed both experimental gill nets and modified-fyke nets.  

Experimental gill nets (47.5 m X 1.8 m) consisted of six 7.6-m panels of 13, 19, 25, 32, 

38, and 51 mm (bar measure) monofilament mesh arranged in sequential order and were 

used to sample Northern Pike, Walleye, and Yellow Perch populations.  Modified-fyke 

nets were constructed with 19-mm (bar measure) #15 knotted nylon mesh, 18.3-m leads, 

0.9 X 1.5-m frames, and a single throat and were used to sample Black Crappie and 

Bluegill populations.  Both net types were set in standardized locations and allowed to 

fish overnight (approximately 24 h); netting effort varied among lakes and was dependent 

on lake surface area.  For each species-lake-sample year combination up to 100 TLs 

(mm) and weights (g) were recorded; fish in excess of the 100 fish sub-sample were 

counted and assigned to cm-length groups based on the distribution of the measured sub-

sample.  Structures for estimating ages [i.e., scales (1998-2004); otoliths (2005-2015)] 

were annually collected from a sub-sample (i.e., 5-10 fish per 1-cm length group) of 

Walleyes in the gill net catch at each lake.  In the laboratory, scales were pressed onto 

acetate slides using a roller press (WILDCO, Saginaw, Michigan; Model 110-H10) and 

viewed using a microfiche (Micron, Iron Ridge, Wisconsin; Model 780).  Otoliths from 

young Walleyes (< age 5) were placed in a black-bottomed dish, submerged in water and 

viewed whole using a dissecting microscope (Leica, Buffalo Grove, Illinois; Model 

S6D); otoliths from older Walleyes (> age 5) were cracked through the focus, placed on 
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end in clay, coated in mineral oil, illuminated with a fiber optic light source, and viewed 

with a dissecting microscope.  An age-length key was used to assign ages to Walleyes 

that were not aged (Winfin Version 4.4; Francis 2003).   Relative abundance for select 

fish species was indexed as catch-per-unit-effort (CPUE; number per net-night) using 

various descriptors.   Mean gill net CPUE at age-2 was used as an index of Walleye 

recruitment (R); while, the relative abundance of older fish was described as the mean 

gill net CPUE > age-3 (WAE).  Relative abundance of Black Crappie (> 13 cm) and 

Bluegill (> 8 cm) was described as the mean CPUE collected in modified-fyke nets; 

Black Crappie and Bluegill CPUE values were combined into a single variable (PAN).  

Northern Pike relative abundance was indexed as mean gill net CPUE of stock-length (> 

35 cm) pike.  Relative abundance of Yellow Perch was described as the mean gill net 

CPUE of stock-length (> 13 cm; YEP) and sub-stock length (< 13 cm; YEP_SS) 

individuals.  In some years modified-fyke netting was not completed (e.g., low relative 

abundance of target fish species, low water levels, etc.) and relative abundance estimates 

were assigned as the lake-specific long-term (1998-2013) mean for Black Crappie and 

Bluegill.    

Data analysis 

Recruitment Synchrony.  Initially, Walleye recruitment at each lake was 

quantified using the mean gill net CPUE of age-2 individuals for cohorts produced from 

1998-2013. To account for variation in age-2 CPUE across lakes, recruitment index 

values were “standardized” using a modification of the residual method (Maceina 1997; 

Dembkowski 2014).  For each lake, mean age-2 CPUE values were regressed against 

cohort birth year (i.e., age-0) and subsequent studentized residuals were used as a 
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measure of relative strength or weakness of individual cohorts (Dembkowski 2014).  

Positive residuals indicate higher than average recruitment and negative residuals lower 

than average recruitment, relative to each lake.  Spearman correlation analysis was used 

to assess the extent of recruitment synchrony among lake pairs through time (1998-2013 

cohorts); fluctuations in year-class strength (i.e., residual values) were considered 

synchronous if the median Spearman correlation coefficient (rs) across all lake pairs was 

> 0.50 (Dembkowski 2014).  Statistical analysis was completed using Systat 11 (Systat 

Software Inc. 2004) and significance was determined at an alpha (α) of 0.05.      

Factors influencing Walleye recruitment.   An information-theoretic approach was 

used to assess the influence of previously described predictor variables on Walleye 

recruitment, indexed as the mean gill net CPUE at age-2.  Walleye cohorts present were 

the result of natural reproduction, fry stocking or a combination of the two.  A set of 16 a 

priori candidate models were developed to describe variability in Walleye recruitment 

using either abiotic (i.e., climate models; n = 7) or biotic (i.e., fish assemblage models; n 

= 9) predictor variables.  Additionally, a global model that included all predictor 

variables was evaluated.  Predictor variable values were aligned so as to model their 

influence on individual Walleye cohorts at age-0.  For example, the Walleye recruitment 

index of the 1998 year class was related to climatic or fish assemblage conditions in 1998 

at each lake.  For each model type (i.e., climate or fish assemblage), competing models 

were developed to examine differing a priori hypotheses.  A priori candidate models 

were constructed in general linear form Y = a + b(X), where Y is the Walleye recruitment 

index, a is the intercept, b is the slope, and (X) is the predictor variable.  Catch rate 

variables were log10 (CPUE +1) transformed prior to analysis to better approximate 
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normality and produce homogeneous variances.  Least squares regression was used to 

obtain the residual sum of squares (RSS) for each model.  Then, a priori models were 

evaluated using the second-order bias correction of Akaike’s information criterion 

(AICC); model selection was based on AICc differences (∆i) and Akaike weights (wi; 

Burnham and Anderson 2002).   

Candidate model development and associated a priori hypotheses for both climate 

and fish assemblage models were based on previous research findings.  Competing 

climate models were constructed using predictor variables that represented climatic 

conditions during spring (i.e., spring water level fluctuations, variation in spring 

temperatures) versus those encountered later in the year (i.e., summer temperatures, 

winter severity).  In ESD natural lakes, substantial water level fluctuations are often 

associated with “spring rises” that follow winters with abundant snow accumulation.  

Water level rises that flood previously exposed shorelines and established terrestrial 

vegetation can influence the availability of Walleye spawning habitat (Kallemyn 1987) 

and increase system productivity (Ostrofsky and Duthie 1980; Grimard and Jones 1982; 

Ploskey 1986); increased productivity at lower trophic levels is often positively related to 

fish production (Downing et al. 1990; Hansen et al. 2010).  In addition to water level 

fluctuations, thermal conditions (e.g., air or water temperatures) during spring can play an 

important role in Walleye recruitment.  In naturally-reproducing populations variable 

spring temperatures, often associated with frequency and intensity of spring cold fronts, 

can disrupt adult spawning activities (Hokanson 1977) and extend egg incubation periods 

subjecting eggs to environmental factors (e.g., displacement, fungus, predation) that 

reduce hatch success (Busch et al. 1975; Bozek et al. 2011).  Moreover, variable or cool 
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spring temperatures may delay zooplankton production thereby reducing prey availability 

potentially important to survival of newly-hatched or fry-stocked Walleye larvae 

(Peterson et al. 2006; Bozek et al. 2011).  Beyond spring, climatic conditions throughout 

the summer and first winter of life may influence Walleye recruitment.  Summer 

temperatures, a surrogate for growth, and a winter severity index were used as abiotic 

predictor variables.  Previous research has shown that overwinter mortality can be an 

important factor governing year-class strength for some populations (Forney 1976; 

Johnson et al. 1996; Grote 2015).  Growth of age-0 Walleye, which tends to be positively 

related to summer temperatures (e.g., growing degree days; Bozek et al. 2011; Uphoff 

2013), can play a key role in overwinter survival as sources of overwinter mortality tend 

to be size selective (see review by Sogard 1997; Forney 1976; Grote 2015).   

Density-dependent biotic interactions (e.g., predation, competition) with older 

Walleye (Forney 1976; Madenjian et al. 1996; Hansen et al. 1998) or other co-occurring 

fish species (Johnson et al. 1996; Quist et al. 2003; Fayram et al. 2005) have been related 

to fluctuations in Walleye recruitment.  Thus, I quantified fish assemblage variables for 

fish species common to ESD natural lakes, some of which, have previously been related 

to fluctuations in Walleye recruitment such as Northern Pike (Johnson et al. 1996), 

Walleye (Forney 1976; Hansen et al. 1998), and Yellow Perch (Hansen et al. 1998; Beard 

et al. 2003).  Generally, candidate models were developed to examine the relative 

influence of large- (i.e., Northern Pike, Walleye) versus small-bodied (i.e., Black 

Crappie, Bluegill, Yellow Perch) predators or competitors on Walleye recruitment in 

ESD lakes. Relative abundance of sub-stock length Yellow Perch was incorporated as an 

additional variable into some models.  Small Yellow Perch, an important prey fish in 
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ESD natural lakes (Meerbeek et al. 2002), may buffer predation on age-0 Walleye by 

older conspecifics (Forney 1976) and other fish species.   

Results 

Recruitment Synchrony 

 Mean gill net CPUE at age-2 was tracked for 128 individual Walleye cohorts 

produced in eight ESD natural lakes over a 16-year period (1998-2013).  Variation in 

mean gill net CPUE’s at age-2 was high; within lakes, CV values ranged from 79 – 157 

(mean CV = 120).  Among lakes, means of annual age-2 mean CPUE’s ranged from 1.2 

(Roy Lake) to 10.0 (Lake Thompson) (overall mean = 4.2, CV = 137; Table 3-2).   

Synchronous fluctuations in year-class strength were not apparent (Figure 3-2); rs 

values for each of the 28 bivariate lake-pair combinations ranged from -0.38 to +0.51 and 

27 of 28 comparisons were non-significant (Table 3-3).  Five of the eight negative 

bivariate lake-pair combinations involved comparisons with Lake Thompson (Table 3-3).   

Only six of the 28 bivariate lake-pair combinations had rs values > +0.40; the strongest 

and only significant relationship was between Clear and Bitter lakes (rs = 0.51, p = 0.05; 

Table 3-3).     

Factors influencing Walleye recruitment 

 Climate and fish assemblage metric values varied within and among lakes over 

the course of this study (1998-2013; Table 3-2).  In general, fish assemblage metrics 

tended to be more variable than climate metrics with the exception of ELEV (Table 3-2).  

The global a priori linear candidate model relating Walleye recruitment to climatic and 

fish assemblage conditions at age-0 had a low adjusted R2 value of < .025; thus, much of 
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the variation in Walleye recruitment to age-2 remained unexplained.  The most supported 

a priori candidate models included both climate and fish assemblage models (Table 3-4).  

Fish assemblage models that received the most support included single variable NOP 

(top-ranked model; wi = 0.20) and YEP models (Table 3-4); both of which, were 

negatively related to Walleye recruitment (Figure 3-3).  Two of the three top-ranked 

models included reduced climate models representative of conditions encountered later in 

the year rather than spring (Table 3-4).  Winter severity was included in each of the top-

ranked climate models (SUT, WSI and WSI); both of which, were nearly as supported as 

the top-ranked NOP model with Akaike weights (wi) of 0.14 and 0.15, respectively 

(Table 3-4).  Scatterplots illustrated that summer temperatures (SUT) had a slightly 

positive influence on Walleye recruitment to age-2; while, winter severity was negatively 

related to recruitment (Figure 3-3), but relationships were poor.   

Discussion 

Walleye recruitment was highly variable within and among eight ESD natural 

lakes from 1998-2013 and fluctuations in recruitment among lakes were generally non-

synchronous.  These results were unexpected; given that, synchronous fluctuations in 

recruitment have been found in ESD’s natural lakes for Common Carp (Phelps et al. 

2008), White Bass (Pope et al. 1997), and Yellow Perch (Dembkowski 2014).  In 

addition, recruitment synchrony has previously been noted among Walleye populations in 

other areas (Pitlo 2002; Schupp 2002; Beard et al. 2003).  Synchronous recruitment was 

reported for Walleye populations in 162 small lakes across northern Wisconsin from 

1990-1999; synchronous fluctuations were attributed to broad-scale climatic effects 

(Beard et al. 2003).  Similarly, production of strong Walleye and Sauger year classes 
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coincided in several pools of the upper Mississippi River from 1992-1999 (Pitlo 2002).  

The author concluded that environmental factors systemic to the upper Mississippi River 

influenced the observed recruitment patterns.   

In each of the studies previously mentioned recruitment synchrony was found for 

fish populations that are maintained through natural reproduction.  My findings of non-

synchronous recruitment may have been influenced by the dynamic stocking regime used 

to manage Walleye populations in eastern South Dakota natural lakes.  In general, 

stocking decisions are based on adult Walleye relative abundance in annual gill net 

samples and fall night electrofishing CPUE’s of age-0 Walleyes (Kaufman et al. 2016).  

For example, if adult relative abundance is low, particularly for younger cohorts, and fall 

night electrofishing indicates that age-0 Walleyes are not abundant, stocking is generally 

completed the following spring.  While natural reproduction can produce strong year 

classes of Walleyes in ESD natural lakes, recruitment tends to be sporadic or limited; 

therefore, supplemental stockings are regularly used.  Supplemental fry stockings have 

been shown to contribute substantially to Walleye year classes produced in ESD lakes 

(Lucchesi 2002).  Over the course of my study, stronger than average recruitment was 

observed for several cohorts that coincided with fry stockings; however, fry stocking did 

not ensure stronger than average recruitment to age-2.  Recruitment variability can be as 

high for stocked as non-stocked Walleye populations (Isermann 2007; Nate et al. 2011), 

owing to factors that affect survival post hatch such as prey availability (Hoxmeier et al. 

2006; Peterson et al. 2006; Bozek et al. 2011) or predation (Santucci and Wahl 1993; 

Quist et al. 2003; Fayram et al. 2005).  
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Phelps et al. (2008) theorized that a gradient in recruitment synchrony exists 

among fishes; highly synchronous populations would be affected by broad temporal-scale 

climatic patterns while asynchronous populations are more affected by localized climatic 

events or biotic factors such as predation or competition.  Between these two extremes, 

the authors suggested that atypical abiotic events may induce synchrony across broad 

areas, even among generally asynchronous populations (Phelps et al. 2008).  Correlation 

analysis suggested that fluctuations in Walleye year-class strength were generally 

asynchronous among the lakes I studied from 1998-2013; however, some level of spatial 

synchrony was apparent.  For example, stronger than average recruitment was observed 

for 4 of 5 Walleye populations that received fry stockings in 2005.  In 2009 (5 of 8) and 

2011 (6 of 8), the majority of Walleye populations exhibited stronger than average 

recruitment; in some instances (7 of 11), these strong cohorts coincided with fry 

stockings while others were naturally produced.  In contrast, recruitment was below 

average for all eight study lakes in both 2002 and 2012.  Collectively, these findings 

suggest that during some years Walleye recruitment is influenced similarly across ESD 

natural lakes, likely by climatic factors.     

Based on the pattern of synchrony that I observed and the findings of previous 

research (e.g., Phelps 2008) it is likely that localized (i.e., within lake) factors are 

important to Walleye recruitment in ESD natural lakes, but broad-scale climatic 

conditions may override their effects during some years.  Unfortunately, information-

theoretic analysis provided only limited insight, in terms of what drives recruitment 

fluctuations in ESD’s natural lakes, as a substantial portion of the variation in Walleye 

recruitment to age-2 was unexplained by both top-ranking and global models.   
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Single variable fish assemblage models that incorporated Northern Pike and 

Yellow Perch relative abundance were among the most supported.  In fact, relative 

abundance of Northern Pike, which appeared to have a negative influence on Walleye 

recruitment, was the top-ranked model.  Interactions between Walleyes and sympatric 

fish species have been citied in several studies (e.g., Johnson et al. 1996; Madenjian et al. 

1996; Hansen et al. 1998; Quist et al. 2003; Fayram et al. 2005).  Negative relations 

between Northern Pike and Walleye populations were reported in large-scale studies in 

both Minnesota (Jacobson and Anderson 2007) and Wisconsin (Nate et al. 2003).  In 

Minnesota lakes, Northern Pike negatively influenced Walleye abundance, while Yellow 

Perch abundance provided a positive influence (Jacobson and Anderson 2007).  The 

negative influence of Northern Pike on Walleye abundance was attributed to strong 

community effects of Northern Pike on sympatric species (e.g., Yellow Perch); this has 

also been observed in other studies (e.g., Anderson and Schupp 1986) and was most 

pronounced at lower pike abundances.  Further, the authors suggested that the 

relationship between Northern Pike, Walleyes, and Yellow Perch may be dynamic as 

population abundance of these fish species can fluctuate (Jacobson and Anderson 2007).  

In northern Wisconsin lakes, interactions with Largemouth Bass and Northern Pike were 

thought to inhibit self-sustaining Walleye populations, but the results were correlative 

and no mechanism was identified (Nate et al. 2003).  The authors speculated that the 

negative association between the relative abundance of Northern Pike and Walleyes 

found may be related to differing habitat among lakes.  Fayram et al. (2005) found little 

evidence of competition or predation between Walleyes and Northern Pike in northern 

Wisconsin lakes but concluded that Largemouth Bass strongly interact with Walleyes 
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through predation.  In contrast, predation by adult Norther Pike and Walleyes was 

thought to be an important factor limiting recruitment of stocked Walleyes at Lake 

Mendota, Wisconsin (Johnson et al. 1996).  Northern Pike have been shown to consume 

Walleyes in ESD natural lakes (Sammons et al. 1994; Blackwell 2001), but pike tend to 

be opportunistic predators that readily consume Yellow Perch when available (Blackwell 

2001; Harvey 2009).  Thus, it seems unlikely that predation by Northern Pike is driving 

the low Walleye recruitment observed in some ESD natural lakes, as study lakes with 

lowest Walleye recruitment indices and abundant Northern Pike also contain abundant 

small (i.e., < 20 cm) Yellow Perch (e.g., Cattail, Clear, and Roy).   

The second highest ranking fish assemblage model (fourth overall) describing 

Walleye recruitment in ESD natural lakes was a single variable model that incorporated 

the relative abundance of stock-length Yellow Perch, an important component of fish 

assemblages in ESD natural lakes (Kaufman et al. 2016).  As with Northern Pike, 

scatterplots suggested that the relationship between stock-length Yellow Perch relative 

abundance and Walleye recruitment was negative, but variability was high and the 

relationship was difficult to discern.  Yellow Perch abundance has been shown to have 

both positive (Forney 1976; Jacobson and Anderson 2007) and negative impacts on 

Walleye recruitment (Hansen et al 1998; Beard et al. 2003).  Forney (1976) proposed that 

the presence of Yellow Perch, as an alternative prey source, buffered predation on age-0 

Walleyes by older Walleyes in  Oneida Lake, New York from 1966-73.  Meanwhile, 

Hansen et al. (1998) found that Walleye recruitment in Escanaba Lake, Wisconsin, was 

negatively related to adult Yellow Perch relative abundance presumably because of 

predation or competition.  The authors suggested that adult Yellow Perch may predate on 
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age-0 Walleye larvae early in the growing season and then become competitors as age-0 

Walleyes grow.  Again, it seems unlikely that the negative influence of Yellow Perch on 

Walleye recruitment in ESD natural lakes is related to predation, as lakes with high 

Yellow Perch relative abundance and limited Walleye recruitment (e.g., Cattail, Clear, 

and Roy) tend to have abundant age-0 Walleye populations in the fall that do not recruit 

well to age-2 (Table 2-3; Kaufman et al. 2016).  Thus, competitive interactions may be a 

more probable explanation for the negative relations between Northern Pike, Yellow 

Perch, and Walleyes.     

Alternative to the direct effects (e.g., predation or competition) of Northern Pike 

and Yellow Perch on Walleye recruitment, the observed results may be more reflective of 

differences among study lakes (e.g., habitat, complexity of fish assemblages, 

productivity, etc.) that may interact to influence overwinter survival and subsequent 

recruitment of Walleyes in those ESD natural lakes containing abundant Northern Pike 

and Yellow Perch.  For example, study lakes with lowest Walleye recruitment and 

highest Northern Pike and Yellow Perch relative abundance (i.e., Cattail, Clear, and Roy) 

are located in close proximity to each other at the northern edge of the study area.  Two 

of the three study lakes (Clear and Roy) are permanent lakes that have sustained sport 

fish populations for an extended period of time and may be less productive when 

compared to newly expanded lakes.  Additionally, both lakes contain diverse habitat (i.e., 

aquatic vegetation) and complex fish assemblages that include expanding centrachid 

populations (e.g., black bass Micropterus spp. and Bluegill; Kaufman et al. 2016).  Thus, 

high Northern Pike and Yellow Perch relative abundance may be more indicative of 

certain lake characteristics that do not favor Walleye recruitment.     
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Reduced climate models that included winter severity were nearly as supported as 

the top-ranked Northern Pike model.  Winter severity, during the first winter of life, 

likely influences overwinter mortality, an important factor governing year-class strength 

in some fish populations (Hurst 2007).  The negative trend in Walleye recruitment as 

winter severity increased was not surprising and suggests that overwinter mortality of 

age-0 Walleyes may have detrimental effects on recruitment in ESD natural lakes.  

Differences in night electrofishing catch rates of age-0 Walleyes between fall and spring 

samples were attributed to overwinter mortality in multiple ESD natural lakes (Grote 

2015).  While no cause was identified, evidence suggested that the overwinter mortality 

observed was size selective in three of four lakes studied (Grote 2015).  Size selective 

overwinter mortality of fall age-0 Walleyes has been attributed to predation by older 

conspecifics or other large piscivores (Chevalier 1973; Forney 1976; Johnson et al. 

1996).  Age-0 cohorts that surpassed 175 mm TL by late fall were found to be less 

vulnerable to predation and experienced lower overwinter mortality than cohorts that 

remained < 175 mm TL in Oneida Lake, New York (Forney 1976).   A similar 

mechanism was thought to influence overwinter survival and subsequent recruitment of 

stocked Walleyes in Lake Mendota, Wisconsin (Johnson et al. 1996).  Beyond predation, 

starvation can play a key role in overwinter mortality with smaller individuals being more 

susceptible due to lower energy reserves that become depleted during winter (Post and 

Evans 1989; Ludsin and DeVries 1997; Sogard 1997).  Pratt and Fox (2002) investigated 

the role of body size and predation on overwinter survival of age-0 Walleyes in hatchery 

ponds.  Differences in overwinter survival of age-0 Walleyes were not apparent between 

ponds with and without predators; however, age-0 Walleyes that overwintered in ponds 



85 
 

containing predators weighed less and had lower lipid concentrations than those reared in 

ponds without predators; the authors suggested that size selective overwinter mortality 

incurred in some Walleye populations may be directly related to higher energetic costs 

associated with predator avoidance.  In contrast, lipid content was thought to have little 

effect on overwinter survival of age-0 Walleyes in Pennsylvania lakes (Copeland and 

Carline 1998).  

The fact that reduced climate models representative of spring conditions (i.e., 

spring water level fluctuations [ELEV], variation in spring temperatures [SPT]) received 

little support was surprising; given that, previous research has illustrated the importance 

favorable spring conditions (i.e., water levels, temperatures) on Walleye recruitment 

(Busch et al. 1975; Kallemyn 1987; Madenjian et al. 1996; Hansen et al. 1998; Quist et 

al. 2004; Deboer et al. 2013).  Walleye recruitment was found to be positively related to 

spring lake levels and thermal conditions 30-d following ice-out in four Minnesota lakes 

located within Voyagers National Park.  Similarly, in Lake Erie, fluctuations in Walleye 

recruitment were related to the spring water warming rate (Madenjian et al. 1996) and at 

Escanaba Lake, Wisconsin recruitment fluctuations were related to the variation in May 

water temperatures (Hansen et al. 1998).  Although favorable spring conditions (e.g., 

increasing water levels, warm and stable temperatures) may be important to initial 

survival of age-0 Walleyes, whether naturally reproduced or stocked; based on my 

analysis, it appears that overwinter mortality may have an overriding influence on 

recruitment to age-2 in ESD natural lakes.   

My results indicated that fluctuations in Walleye recruitment for cohorts produced 

from 1998-2103 were asynchronous among the ESD lakes I examined.  However, spatial 
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synchrony was apparent during some years.  Based on the pattern of synchrony observed 

and the gradient proposed by Phelps et al. (2008), Walleye recruitment in ESD natural 

lakes may be influenced by both localized factors (e.g., biotic) and those that function 

across relatively broad geographic scales (e.g., abiotic).   Unfortunately, much of the 

observed variation in Walleye recruitment was unexplained by my models. Thus, factors 

other than or in addition to those included in my analysis may be important to Walleye 

recruitment in ESD natural lakes.  Nonetheless, the findings of this study (Chapter 2 and 

this Chapter),  and previous research (e.g., Grote 2015) suggest that overwinter mortality, 

the cause of which is largely unknown, appears to be an important recruitment bottleneck 

for Walleye recruitment in some ESD lakes.     
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Figure 3-1.   
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Figure 3-2.  
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Figure 3-3.   
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Figure 3-4.   
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CHAPTER 4.  SUMMARY AND RECOMMENDATIONS  

Summary 

The popularity of Walleye Sander vitreus fisheries in eastern South Dakota (ESD) 

natural lakes often hinges on successful recruitment of occasional strong year classes to 

the population, whether produced naturally or stocked.  Accordingly, the ability to index 

Walleye year-class strength early in life (e.g., fall age-0) can be useful when forecasting 

upcoming fisheries and making future stocking recommendations.  My assessment of 

long-term datasets dating back to the late-1990s revealed that relative abundance of age-0 

Walleyes in fall night electrofishing catch and age-2 Walleyes in gill nets 2 years later 

were positively correlated in 10 of 11 ESD natural lakes.  Although high age-0 relative 

abundance did not ensure strong recruitment to age 2, likely due to overwinter mortality, 

the positive correlations  identified suggest that the relative abundance of age-0 Walleyes 

in fall night electrofishing provides an early, though coarse, index of recruitment to age 2.  

Furthermore, even in those situations where fall night electrofishing performs below par 

in terms of indexing recruitment to the fishery (e.g., Lynn Lake, Roy Lake), knowledge 

of fall age-0 Walleye relative abundance provides information that can be useful to 

managers when making future stocking decisions or identifying potential recruitment 

bottlenecks.  Therefore, I support the continued use of fall night electrofishing to assess 

age-0 Walleye populations in ESD’s extensively managed Walleye fisheries until a 

suitable or improved alternative is identified.   

In addition to the number of age-0 fish produced, first year growth can play a key 

role in recruitment (Forney 1976; Sogard 1997; Grote 2015).  I expected that larger the 

fall size (i.e., mean TL) of age-0 Walleyes would result in increased recruitment (i.e., 
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Appendix 1.  Special regulations implemented at various times to manage Walleye 

populations in 12 eastern South Dakota natural lakes included in an examination of 

recruitment for Walleye cohorts produced between 1996 and 2013.    

Lake Special regulations Time frame 
Bitter 406-mm minimum length restriction; one over 508 mm 1999-2009 

 
381-mm minimum length restriction; one over 508 mm 2010-2013 

Brant 356-mm minimum length restriction 1992-2000 

 
One over 508 mm 2002-2013 

Cattail 406-mm minimum length restriction; one over 508 mm 1999-2009 

 
381-mm minimum length restriction; one over 508 mm 2010-2013 

Clear 356-mm minimum length restriction 1993-1999 

 
356-mm minimum length restriction; one over 508 mm 2000-2009 

 
381-mm minimum length restriction; one over 508 mm 2010-2013 

Kampeska 356-mm minimum length restriction 1990-1999 

 
356-mm minimum length restriction; one over 508 mm 2000-2009 

Lynn 406-mm minimum length restriction; one over 508 mm 2001 

 
406-mm minimum length restriction; one over 508 mm* 2002-2009 

 
381-mm minimum length restriction; one over 508 mm* 2010-2013 

Madison 356-mm minimum length restriction 1992-2000 

 
One over 508 mm 2002-2013 

Poinsett 356-mm minimum length restriction 1992-1999 

 
356-mm minimum length restriction; one over 508 mm 2000-2009 

 
381-mm minimum length restriction; one over 508 mm 2010-2013 

Roy 356-mm minimum length restriction 1995-1999 

 
356-mm minimum length restriction; one over 508 mm 2000-2009 

 
381-mm minimum length restriction; one over 508 mm 2010-2013 

 
Sinai 356-mm minimum length restriction 1998-2002 

 
One over 508 mm 

2002-2013 
 

Thompson One over 508 mm 2000-2013 
Waubay 406-mm minimum length restriction; one over 508 mm 1999-2002 
 406-mm minimum length restriction; one over 508 mm* 2003 
 356-mm minimum length restriction; one over 508 mm* 2004-2009 
 One over 508 mm 2010-2013 

*Daily limit of Walleye reduced from four to two.     
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Appendix 2.  Walleye stocking history for 12 eastern South Dakota natural lakes include 

in an assessment of Walleye recruitment for cohorts produced from 1996-2013; includes 

lake, year, size at stocking, and the number stocked.  fry = newly hatched; small 

fingerling = age-0 Walleye harvested mid-summer (≈July); large fingerlings = age-0 

Walleye harvested in fall (≈October)  

Lake Year Size Number 
Bitter  1997 small fingerling 95,650 

 
1998 fry 9,228,000 

 
1999 small fingerling; fry 404,100; 5,322,000 

 
2000 fry 8,015,200 

 
2005 fry 9,050,000 

 
2007 fry 10,000,000 

 2013 fry 7,500,00 
Brant 1996 fry 1,980,000 

 
1997 fry 1,974,000 

 
1998 fry 1,974,000 

 
2005 fry 1,085,950 

 
2006 small fingerling 104,910 

 
2009 small fingerling 103,900 

 2013 small fingerling 102,660 
Cattail 1997 small fingerling 243,900 

 
1999 small fingerling; fry 200,000; 3,900,000 

 
2000 fry 3,000,000 

 
2001 fry 3,000,000 

 
2003 small fingerling 300,290 

 
2006 fry 2,700,000 

 
2008 fry 4,000,000 

 
2010 fry 1,350,000 

 
2011 fry 1,400,000 

 2013 fry 1,350,000 
Clear 1996 fry 2,100,000 

 
1997 fry 2,000,000 

 
1998 fry 2,100,000 

 
2001 fry 1,100,000 

 
2003 fry 1,200,000 

 
2004 large fingerling 67,299 

 
2005 fry 600,000 
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2009 fry 600,000 

 
2011 fry 600,000 

 2012 fry 600,000 
 2013 fry 600,000 
Kampeska 1997 fry 9,600,000 

 
2001 fry 5,100,000 

 
2005 fry 2,300,000 

 
2008 fry 2,500,000 

 
2009 fry 2,500,000 

 2013 fry 2,400,000 
Lynn 2002 fry 1,500,000 

 
2006 fry 1,500,000 

 
2011 fry 700,000 

 2013 fry 750,000 
Madison 1997 fry 2,800,000 

 
1999 fry 2,600,000 

 
2002 fry 2,500,000 

 
2003 small fingerling 280,680 

 
2005 small fingerling 264,200 

 
2007 small fingerling 264,440 

 
2008 small fingerling 218,020 

 
2010 small fingerling 280,320 

 
2011 fry 70,000 

 2013 small fingerling 280,150 
Poinsett 2003 fry 10,520,000 

 
2005 fry 11,700,000 

 
2006 fry 8,050,000 

 
2009 fry 4,000,000 

 
2011 fry 3,000,000 

 2012 fry 4,000,000 
Roy 1997 small fingerling; fry 170,000; 3,400,000 

 
1998 fry 1,800,000 

 
2003 small fingerling 208,600 

 2013 fry 850,000 
Sinai 1998 fry 2,400,000 

 
2004 small fingerling 170,200 

 
2006 small fingerling 173,060 

 
2010 small fingerling 172,480 

Thompson 2004 fry 10,000,000 

Appendix 2. continued. 
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2006 large fingerling; fry 17,935; 6,250,000 

 
2011 fry 8,000,000 

Waubay 1999 fry 13,449,000 

 
2002 fry 8,500,000 

 
2003 small fingerling; fry 496,655; 9,000,000 

 
2004 fry 8,700,000 

 
2005 fry 6,000,000 

 
2009 fry 4,000,000 

  2011 fry 8,000,000 
 2012 fry 8,000,000 

 

 

  

Appendix 2. continued. 
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Appendix 3.  Mean catch rate (CPUE; number/hour), mean total length (TL; mm), and 

mean relative weight (Wr) of age-0 Walleyes captured during fall night electrofishing 

from 11 eastern South Dakota natural lakes.  Also includes the mean catch rate (CPUE; 

number/net night) for corresponding year classes captured during standardized gill net 

surveys at age 2.  Years in bold type coincide with stocking events.  Standard errors are 

reported in parentheses.   

    Age-0 Walleye  Age-2 Walleye 
Year   Mean CPUE Mean TL Mean Wr   Mean CPUE 

Bitter 
      2002 

 
104.4 (5.9) 165 (1) 93 (1) 

 
4.7 (1.9) 

2003 
 

1.4 (1.4) 185 (--) 
  

0.9 (0.3) 
2004 

 
0.0 (--) 

   
0.7 (0.2) 

2005 
 

90.1 (25.1) 182 (1) 88 (1) 
 

12.1 (4.8) 
2006 

 
0.0 (--) 

   
0.1 (0.1) 

2007 
 

440.0 (88.9) 129 (1) 96 (1) 
 

1.9 (1.0) 
2008 

 
136.9 (29.6) 163 (1) 97 (1) 

 
5.2 (1.4) 

2009 
 

422.2 (138.0) 168 (1) 105 (1) 
 

17.1 (2.6) 
2010 

 
0.0 (--) 

   
1.8 (0.5) 

2011 
 

377.0 (97.8) 177 (1) 96 (1) 
 

12.8 (4.0) 
Brant 

      1996 
 

79.5 (--) 125 (1) 94 (1) 
 

4.2 (1.0) 
1997 

 
177.0 (39.0) 118 (1) 91 (0) 

 
7.0 (2.4) 

1998 
 

176.0 (9.0) 137 (1) 91 (1) 
 

10.1 (1.9) 
1999 

 
86.5 (9.5) 152 (2) 

  
5.2 (0.8) 

2000 
 

24.0 (3.9) 192 (1) 101 (1) 
 

0.7 (0.3) 
2001 

 
91.5 (30.5) 163 (1) 

  
9.2 (1.6) 

2002 
 

43.5 (14.6) 173 (1) 98 (2) 
 

2.3 (1.3) 
2003 

 
20.3 (4.2) 186 (1) 95 (1) 

 
2.9 (0.7) 

2004 
 

0.0 (--) 
   

0.4 (0.1) 
2005 

 
62.0 (7.3) 181 (1) 94 (1) 

 
6.3 (1.4) 

2006 
 

129.0 (18.7) 163 (1) 94 (1) 
 

5.0 (2.4) 
2007 

 
39.5 (12.3) 198 (1) 91 (1) 

 
5.0 (1.6) 

2008 
 

2.5 (1.4) 175 (6) 88 (5) 
 

2.4 (0.6) 
2009 

 
113.5 (20.0) 165 (1) 92 (1) 

 
10.7 (5.0) 

2010 
 

136.5 (20.8) 208 (1) 97 (1) 
 

9.8 (5.2) 
2011 

 
7.0 (4.0) 156 (2) 86 (2) 

 
0.0 (--) 
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Clear 

      1996 
 

320.0 (--) 138 (1) 89 (1) 
 

6.3 (1.3) 
1997 

 
340.7 (112.7) 119 (2) 86 (1) 

 
0.7 (0.4) 

1998 
 

117.0 (78.1) 132 (1) 90 (1) 
 

0.8 (0.5) 
1999 

 
9.0 (6.8) 141 (2) 

  
0.2 (0.1) 

2000 
 

10.8 (7.7) 141 (5) 83 (3) 
 

2.2 (0.5) 
2001 

 
566.6 (174.5) 123 (1) 85 (2) 

 
2.3 (0.6) 

2002 
     

0.0 (--) 
2003 

 
132.6 (27.5) 126 (1) 90 (1) 

 
1.5 (0.6) 

2004 
 

4.0 (3.0) 147 (2) 91 (4) 
 

1.7 (0.7) 
2005 

 
117.4 (43.1) 132 (1) 93 (1) 

 
4.8 (1.9) 

2006 
 

0.0 (--) 
   

0.0 (--) 
2007 

 
109.6 (53.5) 141 (2) 92 (1) 

 
2.7 (1.0) 

2008 
 

0.9 (0.9) 160 (--) 90 (--) 
 

0.3 (0.3) 
2009 

 
361.8 (157.6) 120 (1) 86 (1) 

 
5.2 (2.6) 

2010 
 

2.0 (2.0) 164 (4) 85 (0) 
 

0.5 (0.2) 
2011 

 
340.8 (98.0) 149 (1) 92 (1) 

 
7.0 (0.8) 

Kampeska 
      1998 

 
56.1 (18.0) 136 (2) 97 (2) 

 
2.5 (0.4) 

1999 
 

75.4 (12.4) 137 (1) 89 (1) 
 

6.9 (1.5) 
2000 

 
0.0 (--) 

   
2.0 (0.3) 

2001 
 

178.3 (63.6) 107 (1) 83 (1) 
 

11.7 (2.5) 
2002 

 
1.0 (1.0) 139 (--) 92 (--) 

 
0.2 (0.2) 

2003 
 

15.3 (8.0) 147 (3) 86 (1) 
 

3.6 (1.6) 
2004 

 
4.0 (4.0) 144 (2) 89 (7) 

 
0.2 (0.2) 

2005 
 

252.1 (59.9) 162 (1) 90 (1) 
 

12.5 (2.8) 
2006 

 
0.0 (--) 

   
1.8 (0.5) 

2007 
 

10.7 (2.8) 156 (3) 91 (2) 
 

5.6 (0.6) 
2008 

 
20.6 (13.9) 153 (2) 98 (2) 

 
9.3 (1.9) 

2009 
 

0.0 (--) 
   

4.7 (0.7) 
2010 

 
0.0 (--) 

   
1.9 (0.4) 

2011 
 

342.0 (56.3) 126 (1) 83 (1) 
 

4.0 (1.0) 
Lynn 

      2005 
 

8.7 (2.5) 213(6) 101 (4) 
 

1.0 (0.4) 
2006 

 
708.5 (172.8) 133 (1) 107 (1) 

 
1.3 (0.5) 

2007 
 

988.5 (229.1) 144 (1) 103 (1) 
 

8.0 (2.7) 
2008 

 
99.4 (37.5) 172 (1) 92 (1) 

 
3.5 (1.3) 

2009 
 

127.1 (31.2) 181 (1) 94 (1) 
 

6.2 (1.7) 
2010 

 
0.0 (--) 

   
0.7 (0.3) 

2011 
 

143.0 (17.3) 119 (2) 93 (1) 
 

6.3 (1.0) 

Appendix 3. continued. 
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Madison 

      1999 
 

166.5 (16.3) 149 (2) 
  

11.5 (3.3) 
2000 

 
15.5 (6.2) 193 (2) 98 (2) 

 
1.0 (0.7) 

2001 
 

3.5 (1.8) 226 (2) 107 (1) 
 

2.0 (0.0) 
2002 

 
12.0 (3.5) 219 (2) 110 (1) 

 
0.0 (--) 

2003 
 

293.0 (72.4) 163 (1) 90 (1) 
 

8.2 (3.0) 
2004 

 
2.0 (1.5) 171 (7) 102 (2) 

 
0.3 (0.3) 

2005 
 

128.0 (30.9) 164 (2) 90 (1) 
 

8.0 (3.1) 
2006 

 
3.5 (1.8) 196 (3) 107 (3) 

 
0.0 (--) 

2007 
 

379.5 (114.5) 163 (2) 91 (1) 
 

8.2 (2.2) 
2008 

 
347.0 (100.5) 154 (2) 97 (1) 

 
12.3 (6.1) 

2009 
 

27.0 (9.1) 203 (2) 106 (1) 
 

0.5 (0.3) 
2010 

 
710.0 (144.0) 193 (1) 94 (1) 

 
21.0 (7.9) 

2011 
 

28.0 (10.2) 155 (1) 93 (2) 
 

1.5 (0.7) 
Poinsett 

      1998 
 

218.0 (42.5) 154 (2) 91 (1) 
 

1.5 (0.6) 
1999 

 
78.5 (12.1) 143 (2) 82 (1) 

 
5.5 (1.0) 

2000 
 

8.7 (3.2) 151 (7) 86 (3) 
 

0.3 (0.2) 
2001 

 
574.9 (132.8) 139 (1) 93 (1) 

 
2.0 (0.4) 

2002 
     

0.3 (0.2) 
2003 

 
706.1 (118.1) 133 (1) 93 (1) 

 
6.3 (1.2) 

2004 
 

31.1 (8.9) 140 (4) 88 (1) 
 

0.2 (0.2) 
2005 

 
97.5 (10.1) 152 (3) 82 (1) 

 
3.2 (0.9) 

2006 
 

117.0 (9.1) 138 (1) 87 (1) 
 

2.3 (1.4) 
2007 

 
79.8 (12.6) 152 (1) 88 (1) 

 
7.3 (1.9) 

2008 
 

19.5 (10.2) 179 (4) 
  

3.5 (1.1) 
2009 

 
257.2 (111.4) 141 (1) 95 (1) 

 
24.2 (6.9) 

2010 
 

0.0 (--) 
   

0.2 (0.2) 
2011 

 
4.0 (2.0) 132 (1) 85 (2) 

 
1.3 (0.6) 

Roy 
      1999 

 
60.8 (16.3) 110 (2) 81 (1) 

 
0.2 (0.2) 

2000 
 

13.4 (5.6) 109 (3) 85 (4) 
 

0.3 (0.2) 
2001 

 
910.8 (133.3) 127 (1) 92 (2) 

 
6.2 (1.0) 

2002 
 

118.7 (15.0) 142 (2) 83 (2) 
 

1.2 (0.5) 
2003 

 
1106.0 (340.5) 122 (1) 85 (1) 

 
0.5 (0.3) 

2004 
 

420.9 (137.8) 142 (1) 95 (1) 
 

0.7 (0.4) 
2005 

 
104.5 (31.8) 155 (1) 87 (1) 

 
1.0 (0.4) 

2006 
 

81.6 (42.3) 139 (1) 84 (1) 
 

0.7 (0.7) 
2007 

 
275.7 (115.4) 131 (1) 94 (1) 

 
0.3 (0.3) 

2008 
 

234.9 (70.7) 143 (1) 94 (0) 
 

2.0 (0.7) 
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2009 

 
285.7 (91.5) 128 (1) 88 (1) 

 
0.8 (0.5) 

2010 
 

153.0 (21.8) 141 (1) 91 (1) 
 

0.3 (0.2) 
2011 

 
466.5 (81.0) 149 (1) 93 (1) 

 
3.5 (0.8) 

Sinai 
      2000 

 
5.0 (2.0) 164 (2) 80 (5) 

 
1.3 (0.2) 

2001 
 

57.8 (14.3) 176 (2) 103 (2) 
 

4.3 (0.4) 
2002 

 
136.5 (14.2) 183 (1) 98 (1) 

 
1.3 (0.6) 

2003 
 

19.5 (4.9) 202 (2) 99 (1) 
 

1.0 (0.3) 
2004 

 
87.0 (34.9) 140 (1) 92 (1) 

 
3.3 (1.4) 

2005 
 

9.0 (2.9) 194 (3) 90 (2) 
 

0.0 (--) 
2006 

 
291.0 (69.3) 167 (2) 90 (1) 

 
7.2 (2.3) 

2007 
 

113.0 (24.5) 166 (2) 90 (1) 
 

7.2 (4.1) 
2008 

 
31.2 (6.3) 167 (2) 95 (1) 

 
1.9 (0.8) 

2009 
 

28.5 (5.5) 186 (1) 100 (1) 
 

1.0 (0.6) 
2010 

 
210.5 (34.9) 157 (1) 78 (1) 

 
33.5 (7.5) 

2011 
 

262.0 (62.3) 153 (2) 91 (1) 
 

3.6 (0.8) 
Thompson 

      1999 
 

155.0 (38.2) 146 (2) 
  

17.9 (7.2) 
2000 

 
231.5 (77.4) 147 (2) 93 (1) 

 
4.6 (2.4) 

2001 
 

208.0 (45.9) 168 (2) 105 (1) 
 

14.2 (3.2) 
2002 

 
78.0 (24.4) 158 (1) 104 (1) 

 
2.7 (0.5) 

2003 
 

15.5 (6.8) 171 (1) 92 (2) 
 

1.8 (0.5) 
2004 

 
290.0 (106.5) 137 (1) 95 (1) 

 
20.7 (1.4) 

2005 
 

5.0 (2.0) 195 (2) 103 (3) 
 

2.2 (0.8) 
2006 

 
42.5 (9.5) 197 (1) 94 (1) 

 
4.8 (1.3) 

2007 
 

214.0 (55.0) 153 (1) 99 (1) 
 

19.0 (4.2) 
2008 

 
13.0 (4.3) 148 (2) 94 (3) 

 
6.5 (1.3) 

2009 
 

7.5 (4.5) 143 (2) 104 (8) 
 

1.3 (0.6) 
2010 

 
26.5 (14.5) 165 (2) 90 (1) 

 
21.1 (1.5) 

2011 
 

186.5 (53.6) 147 (2) 87 (1) 
 

11.0 (1.6) 
Waubay 

      1998 
 

4.8 (0.0) 202 (5) 108 (7) 
 

4.0 (0.5) 
1999 

 
621.5 (136.8) 149 (2) 83 (1) 

 
27.1 (5.7) 

2000 
 

27.5 (4.7) 131 (3) 87 (2) 
 

2.2 (0.4) 
2001 

 
2.9 (2.0) 200 (14) 97 (5) 

 
0.4 (0.2) 

2002 
 

2.9 (2.0) 157 (3) 92 (2) 
 

0.0 (--) 
2003 

 
30.7 (8.0) 131 (2) 100 (4) 

 
3.9 (0.3) 

2004 
 

114.3 (55.9) 136 (1) 98 (1) 
 

3.3 (0.7) 
2005 

 
148.4 (63.6) 139 (1) 95 (1) 

 
23.8 (3.7) 

2006 
 

2.0 (1.3) 125 (2) 
  

0.1 (0.1) 
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2007 

 
0.0 (--) 

   
0.8 (0.2) 

2008 
 

5.0 (2.4) 145 (1) 81 (6) 
 

3.0 (1.2) 
2009 

 
88.0 (15.8) 156 (1) 91 (1) 

 
6.2 (1.4) 

2010 
 

0.0 (--) 
   

1.8 (0.5) 
2011 

 
6.0 (2.2) 127 (3) 93 (5) 

 
7.7 (2.0) 
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