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ABSTRACT

LIMITATIONS OF LARVAL WALLEYE (SANDER VITREUS) PRODUCTION IN MICHIGAN'S
INLAND WATERWAY

By
Ryan D. MacWilliams
Walleye (Sander vitreus) are one of the most targeted species by anglers in North
America. Consequently, there is a need to understand the factors that influence year-class
formation in age-0 walleye. Prey availability during the early life stages of walleye is
considered the most important factor influencing the success of recruitment. [ conducted a
two-year study of larval walleye density, zooplankton prey availability, and fall age-0
walleye relative abundance within Michigan’s Inland Waterway to document locations of

larval walleye concentrations in the system and to determine if adequate prey are available

to age-0 walleye. Larval walleye density in Burt Lake (mean=2.47-1000m™3 SE=0.81) was

87% higher than all other study lakes, and 94% higher than Pickerel Lake, which had the

lowest density (mean=0.14-1000m™3 SE=0.14). The density of large-bodied zooplankton

taxa (Calanoida, Daphnia) across all lakes was low (2-L1), well below the 100 Daphnids-L1

recommended for optimal walleye survival. The relative abundance of naturally produced
age-0 walleye fall fingerlings was positively related to the spring density of large-bodied
zooplankton taxa and larval walleye when all lakes and years were included in the analysis.
While it is likely that multiple factors influenced year-class formation in the system, the
results of this study suggest that prey availability during critical early life stages limited

larval walleye density and year-class formation in Michigan’s Inland Waterway.



ACKNOWLEDGEMENTS

[ am very grateful to my primary advisor, Brian Roth, for the guidance he provided
during the duration of this project and particularly with the development of this thesis. I
would also like to thank the members of my committee, Daniel Hayes and Mary Bremigan,
for always providing excellent advice at a moment’s notice, especially concerning the
development of the code used in my analysis as well as their contributions to this
manuscript. This project could not be possible without the support of funds from the
Michigan Department of Natural Resources, Fisheries Division. Thank you to Tim
Cwalinksi, Neil Godby, Patrick Hanchin, and many others of the Fisheries Division for their
assistance in the field and the contribution of data. My field season would not have been
possible without the help and guidance of Seth Herbst, as well as assistance from a number
of hardworking technicians and volunteers, including Joe Parzych, Mike Rucinski, Chad
Brewer, Julia Feeley, and Kevin Osantowski. Lastly, I would like to thank my colleagues in
the Fisheries and Wildlife Department at MSU who provided constructive comments along

the development of my project, presentations, and this thesis.

iii



TABLE OF CONTENTS

LIST OF TABLES. ..ot s b \%
LIST OF FIGURES ..ottt vii
A 010 20 D10 O3 1
METHODS ... AR 7
Yo 717 | T PP 7
Spring Ichthyoplankton and Zooplankton SAMPIING ... ssssssssssesssssssssssanes 8
Fall near-shore eleCtrOfiSRING SUTVEY ......eeneeenseeseessssssesssessssssssssssssssssssssssssssssssssssesssessssssssssssssssesssassssssasees 10
IChtRYOPIANKEON ENUMEIALION «.evreenreeneereereesssessseesseessesssessssssssessesssesssesssesssssssssssssssssssssssssesssesssessssssmsssssessssssssssssees 11
Evaluation of Age-0 WalIEYE GIET.........eeereenreeereeesseeseesseesssssssesssessssssssssssssssssssssssssssssssesssesssssssesssssssesssassssssssees 11
Z00PIANKEON ENUMEIALION ovvvverivrsissississessssessessessesssssssssssssssssssssssssss s ssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssnes 12
SUMMET SNOTE SCINING SUFVEY ..ce.oreeureenreereensesseessessessesssessssssesssssssssesss s sssssssesssssss s s sesssessssasessssssesssssssssssssasssesssssessees 13
REGTESSION AIALYSIS cuvevreenreenreesseeeseessseessessseessessssssesssessseesssesssesssessseesssesssess sesssessssesssesssesssesssessssesssesssesssessasesssessessessssees 13
2 D) U P 14
Spring 1arval Walleye ADUNAANCE ... ssssssses s ssssssesss s ssssssssassssssssssssssssesasessnes 14
Zooplankton Community: density and length freqUency dyNAIMICS ........eoeeonsenseenseesseesssessessseesseeens 15
Fall age-0 walleye recruitment: Annual density and regreSSion ANALYSIS........oereeneeenserssessseesseesssees 16
I Y 10 SN (0 18
Management implications ANd 1reSEATCH NEEAS ........weereenmernsesseesssesssssssssessssessssssesssssssssssssssssssssssssssssssees 28
2 o 2 0\ (0 2 TP 29
APPENDIX A: Results of spring and fall sampling efforts and supporting figures and tables........... 30
APPENDIX B: Supplemental figures and tables......eeeeeenessesseesseesseesssssessssssssesssesssesssessseeens 46
2 T A 2 D A0 74

iv



LIST OF TABLES

Table 1: Summary of physical characteristics of the lakes of the Inland Waterway. Secchi and Chl-a
provided by 2008 water quality survey conducted by the Tipp Of The Mitt Watershed Council.

Table 2: Recent walleye stocking history of the Inland Waterway. Repeated years indicate multiple
SIZE GrOUPS STOCKEM. w.curierieieeetreeseieeeeteeese ettt s bbb s bbb bbb 44

Table 3: Mean zooplankton community density over both sampling years, including the four most
COTTIITION EAX. 1 1vuuevunerusersseessesssessssesssesssesssessssesssesssesssesssessssesssesssess e £sse s SRR SRR AR R AR R e 45

Table 4: Ichthyoplankton trawl and drift effort for May-June 2011 in study lakes. Effort is measured
as the number of trawls and drifts Performed. ... —————— 46

Table 5: Ichthyoplankton trawl and drift effort for May-June 2011 in study rivers. Effort is
measured as the number of trawls and drifts performed.........creneeeeeeseeens 47

Table 6: Ichthyoplankton trawl and drift effort for April-June 2012 in study lakes. Effort is
measured as the number of trawls Performed...... e sesseeseeseeens 48

Table 7: Ichthyoplankton drift effort for April-June 2012 in study rivers. Effort is measured as the
number of transects and drifts PErfOrmMEd..... i ———— 49

Table 8: Number of young of year walleyes captured in study lakes during May-June 2011 trawl

Table 9: Number of young of year walleyes captured in study rivers during May-June 2011 trawl
P2 1o B0 by 6l 7§ () o ST 51

Table 10: Number of young of year walleyes captured in study lakes during April-June 2012 trawl
=3 {0 ) o DTN 52

Table 11: Number of young of year Walleyes captured in study rivers during the April-June 2012
0D =Y {0 ) o TP 53

Table 12: Observed mean density of common species captured in Burt Lake during spring 2011-
2012 ichthyoplankton SAMPliNg €ffOrtS ... ssssse s sesssesssseeas 54

Table 13: Observed mean density of common species captured in Crooked Lake during spring 2011-
2012 ichthyoplankton sampling €ffOrts. ... ssssssssssssssssees 55

Table 14: Observed mean density of common species captured in Mullett Lake during spring 2011-
2012 ichthyoplankton sampling €ffOrts ... sesseessees s sssesssessssssssees 56



Table 15: Observed mean density of common species captured in Pickerel Lake during spring 2011-
2012 ichthyoplankton SAmMPling €ffOrtS ... sesssssssesssess s ssssssssssssssssssssasesanes 57

Table 16: Observed mean density of common species captured in the Black River during spring
2011-2012 ichthyoplankton sampling effOrts ... sesssssssssssssesssssssssesanes 58

Table 17: Observed mean density of common species captured in the Sturgeon River during spring
2011-2012 ichthyoplankton sampling efforts ... sessseesssseens 59

Table 18: Observed mean density of spring larval walleyes during spring 2011-2012 sampling
<] 0] TP 60

Table 19: Tukey Post-Hoc HSD output for mean spring age-0 walleye density comparisons by lake
over the 2011-2012 sampling effort. Comparisons significant at the 0.05 level are indicated by
K eeureeseesseesssessseesseesee e eSS e E AR SRR AR R SRR R SRR R R AR AR E R RS e 61

Table 20: Tukey Post-Hoc HSD output for mean spring age-0 walleye density comparisons by river
over the 2011-2012 sampling effort. Means with the same letter are not significantly different
Ul o T O (=) TP 62

Table 21: Tukey Post-Hoc HSD output for mean spring zooplankton density (all taxa) comparisons
by lake over the 2011-2012 sampling effort. Comparisons significant at the 0.05 level are
100 L0 L =T6 0 )PP 63

Table 22: Tukey Post-Hoc HSD output for mean large-bodied spring zooplankton density
comparisons by lake over the 2011-2012 sampling effort. Comparisons significant at the 0.05
level are INdICated DY ™%, ... ss e s s R 64

Table 23: Results of Tukey HSD Post-Hoc test comparing mean zooplankter length by waterbody.
Comparisons significant at the 0.05 level are indicated by ***........conmonnncnenneesecseeenees 65

Table 24: Observed mean density (#/L) of large-bodied zooplankton taxa by waterbody and year.66

Table 25: Observed mean length (mm) of zooplankton community by waterbody, averaged over the
AU G YA NS 00 o] U0 oFo=y o) o PPN 67

Table 26: Secchi and Chlorophyll-a trends in the waterway from 1986-2010. Data from The Tip of
the Mitt Watershed COUNCIL ... sssssssssssssssssas 68

vi



LIST OF FIGURES

Figure 1: The Inland Waterway of northern Michigan. Sites where drift net sampling occurred on
the Black River and Sturgeon River are labeled with a star. The Alverno Dam is also marked on
the map (black bar), which represents the farthest up stream that sampling occurred on the
Black River. For interpretation of the references to color in this and all other figures, the reader
is referred to the electronic version of this thesis...... i —————— 30

Figure 2: Mean Secchi (m, grey) and Chlorophyll-a (mg/L, black) in Burt Lake (A), Crooked Lake (B),
Mullett Lake (C), and Pickerel Lake (D), from 1986-2010. (Tip of The Mitt Watershed Council,
10001 01010] D E] 4 =T I F=1 = ) PP 31

Figure 3: Mean density of commonly observed age-0 ichthyoplankton species over all waterbodies
and sampling dates, 2011-2012. Standard error of the mean (SE) represented by error bars..32

Figure 4: Observed mean larval walleye densities during spring 2011 (black) and 2012 (grey)
ichthyoplankton sampling effort. Waterbodies with unique letters designate a significant
difference in larval walleye density over all sampling dates across 2011-2012 (Tukey HSD, p=
<0.05). Standard error of the mean (SE) represented by error bars. ... 33

Figure 5: Observed mean larval walleye densities during spring 2011 (black) and 2012 (grey)
ichthyoplankton sampling effort. Standard error of the mean (SE) represented by error bars.34

Figure 6: Observed spring larval walleye density (#/1000m3) in Burt Lake, Crooked Lake, Mullett

Lake, and Pickerel Lake per sampling event during 2011 (black) and 2012 (grey) sampling
efforts. Bars represent StaNdard I 0T ... reeeeeseessnesssessseesseessesssesssessssesssssssesssesssessssssssesssesssessssssssees 35

Figure 7: Observed spring larval walleye density (#/ 1000m3) in the Black Rive and the Sturgeon

River per sampling event during 2011 (black) and 2012 (grey) sampling efforts. Standard
error of the mean (SE) represented DY €ITOr DATS. ... eneerneeeseeseesssesseesseesseessessesssesssessssssssees 36

Figure 8: Mean density of large-bodied taxa (Calanoid copepods, Daphnia) in the waterway.
Waterbodies with unique letters designate a significant difference in density over all sampling
dates across 2011 (black) and 2012 (grey) (Tukey HSD, p<0.05). Standard error of the mean
(SE) represented DY EITOT DATS. ... eeeseessesseesssessesssesssessssssssssssesssssssssssssssesssessssssssssssesssesssesssssssssssssseas 37

Figure 9: Mean length of zooplankton community over all sampling dates, 2011-2012. Waterbodies
with unique letters designate a significant difference in zooplankton length (Tukey HSD,
p<0.05). Standard error of the mean (SE) represented by error bars.......cccceneenseenseesseesseesseeens 38

Figure 10: Length frequency of zooplankton in Burt Lake (A-B), Crooked Lake (C-D), Mullett Lake
(E-F), and Pickerel Lake (G-H) in April (dashed black), May (solid black), and June (solid grey)
in 2011 and 2012 (first and second columns, respectively). Error bars represent standard
EITOT Of The IMEAM. ..ottt a bbb s R bR R bR 39

vii



Figure 11:Fall walleye CPUE in the Inland Waterway in 2011 (black) and 2012 (grey). Error bars
represent standard error of the MEAN. ... ——————— 40

Figure 12: Regression of large-bodied zooplankton density and fall age-0 walleye catch per mile by

lake and year (r2=0.53, P=0.042) e ————————— 41

Figure 13: Regression of spring age-0 walleye density and fall age-0 walleye catch per mile by lake
AN YEAT (I220.67, PZ0.0T) crrsereeeseresesseessesssssessssssessssssessssssesesessesssessssssessssssesesessesesss st sse e 42

Figure 14: Regression of mean spring mixed-zooplankton community density and fall age-0 walleye

catch per mile by lake and year (r2:0.45, P>0.05) ot 69

Figure 15: A regression of spring age-0 yellow perch density and fall age-0 walleye catch per mile

by lake and year (r2=0.07, P 005 ettt 70

Figure 16: Regression of spring age-0 yellow perch and spring age-0 walleye density by lake and
YEAT (122002, P20.05).evrsrrserssesssessesesessesesessesssesssesssssessssssesesssesesesssesssesesss s sosesssssessssssesesesss s 71

Figure 17: Regression of spring mixed-zooplankton community density and spring age-0 walleye

density by lake and year (r2=0.34, P0.05) 1 ottt 72

Figure 18: Regression of spring large-bodied zooplankton density and spring age-0 walleye density

by lake and year (r2=0.23, PZ0.05) s R 73

viii



INTRODUCTION

Walleye (Sander vitreus) is one of the most targeted species by anglers in North
America. In a study of game fish species popularity, walleye ranked first or second
throughout their native and introduced ranges (Quinn 1992). Walleye are targeted by
approximately 0.5 million anglers over an estimated 5.5 million days per year (USDOI et al.
2001). Because of their popularity, walleye fisheries generate a considerable economic
impact in North America. For example, walleye is the most targeted species in Lake Erie
and Lake Winnebago where these two fisheries generate a combined value of >$800
million (USDOI et al. 2008; Winnebago County University of Wisconsin Extension 2006).
Aboriginal walleye fisheries also occur in several states and provinces within the United
States and Canada. Aboriginal fishing rights were retained in land treaties, including the
treaties of 1836, 1837, 1842, and 1854 (Barton 2011), leading to considerable Tribal and
State interest for the walleye fisheries within these Treaty-ceded territories (Godby et al.
2011). Therefore, effective management is needed in fisheries where tribal and sport
fisheries are substantial.

In this study, | evaluated young-of-year walleye in the Inland Waterway of Michigan,
which is comprised of four interconnected lakes in the northern Lower Peninsula and lies
within the 1836 Treaty-ceded Territory (Figure 1). The waterway extends 72.4km from
Lake Huron nearly to Lake Michigan, near the northern tip of the Lower Peninsula. In the
system, gravid and barren female walleye have been captured in both riverine and lake

habitat, suggesting that both lakes and rivers may contribute to natural recruitment



(Hanchin et al. 2005a; Hanchin et al. 2005b; Michigan Department of Natural Resources,
unpublished data). However, walleye production in the system likely occurs in a few key
areas, including Burt Lake, the Sturgeon River, and the Black River. Further, some walleye
may employ a lake-to-river reproductive strategy, such as that found in the Maumee River
(western basin of Lake Erie), the Current River (Thunder Bay, Lake Superior), and the
Ottertail river (Many Point Lake, MN) (Olson and Scidmore 1962; Geiling et al. 1996;
Roseman et al. 2001).

A population estimate of adult walleyes conducted in 2009 on one of these lakes
(Mullett Lake) produced an adult population estimate (2,648 walleye + 648 95% CI) that
was markedly lower than an estimate conducted in 1998 (14,350 walleye * 6,480 95% CI)
(Michigan Department of Natural Resources, unpublished data). The 2009 Mullett Lake
population estimate raised concerns that a decline in natural walleye recruitment in the
lake may have occurred. In the early 1990s, Zebra Mussels (Dreissena polymorpha)
invaded the Inland Waterway (Michigan Department of Natural Resources, unpublished
data), potentially leading to observed reductions in chlorophyll-a in Burt and Mullett lakes
(Figure 2). Results from other systems invaded by zebra mussel indicate that such
reductions in primary producers could result in reduced zooplankton abundance as well,
which could have negative implications for larval walleye survival. For example,
phytoplankton and macrozoooplankton biomass in dreissenid invaded inland lakes in
Michigan were 24% and 33% lower, respectively, than uninvaded lakes (Kissman et al.
2010). In other Michigan lakes, zebra mussels are associated with a significant decline in
Daphnia (Kissman et al. 2010) that provide food during a critical period of larval walleye

development. Additionally, after dreissenid invasion in Lake Ontario, age-0 walleye CPUE



declined to 33% of catch-rates from pre-invasion years (Hoyle et al. 2008). Low larval
walleye abundance and recruitment would likely necessitate intervention in the form of
stocking and would be evidenced by a high proportion of stocked age-0 fish compared to
naturally-produced age-0 fish. In the Inland Waterway, stocked fish represented 100% of
fall age-0 walleye caught during near-shore electrofishing surveys of Mullett Lake from
1999-2002, and have subsequently remained a considerable proportion of fall age-0
walleye (Michigan Department of Natural Resources, unpublished data).

Prey availability to larval fish is thought to be particularly important because it has a
large effect on larval growth and survival (Houde 1987, Miller et al. 1988). For many
walleye populations, year-class strength is established by late fall (Kempinger and
Churchill 1972), and is dependent on variability in survival during the first year (Barton
2011). Some studies suggest that forage availability during early development of larval
walleye is the most important factor influencing the effectiveness of natural recruitment
(Spykerman 1974, Fielder 1992). Low forage availability can influence survival by reducing
swimming speeds thereby increasing vulnerability to capture by predators (Laurence
1972; Rice et al. 1987; Jonas and Wahl 1998). Larval walleye growth rate and survival is

shown to increase with crustacean zooplankton density, with optimal growth and survival
rates occurring when the number of large-bodied zooplankton exceed 100-L"1 (Li and
Mathias 1982; Hoxmeier et al. 2004; Peterson et al. 2005). However, adequate walleye
recruitment has been observed when spring large-bodied zooplankton densities <100-L"1
were observed. For example, Engel et al. (2000) reported densities of fall fingerlings in

Escanaba Lake, Wisconsin coinciding with spring daphnia densities <10-L"1. While an



absolute threshold between zooplankton density and larval walleye survival has not been
established, high walleye larvae survival is more likely when higher zooplankton densities
are available to walleye during early development.

A positive relationship between zooplankton density and larval fish survival has
been observed for several species (Lemly and Dimmick 1982; Mills et al. 1989; Claramunt
and Wahl 2000; Engel et al. 2000; Hoxmeier et al 2004; Peterson et al. 2006). For example,
in a multi-year study of walleye recruitment dynamics in Escanaba Lake, Wisconsin, Engel
et al. (2000) observed that fall age-0 walleye abundance was linearly related to spring
zooplankton density. Similarly, a positive relationship between large-bodied zooplankton
taxa and CPUE of fall age-0 walleye was observed in a two-year study of five reservoirs in
Pennsylvania (Peterson et al. 2006). Still, some studies have reported no significant
relationship between walleye and zooplankton densities (Houde 1967; Partridge and
DeVries 1999). This uncertainty in the role of larval forage for walleye indicates a need to
develop additional quantitative field studies of walleye recruitment dynamics, examining
the relationship between age-0 walleye density and spring forage availability. Such studies
can help identify factors that could limit juvenile walleye survival and facilitate better
prediction of walleye recruitment.

[ developed and conducted a two-year study of the larval walleye density and fall
age-0 walleye relative abundance within the Inland Waterway in order to better
understand the locations of higher larval walleye abundance and the potential limitations
to age-0 walleye recruitment within the system. The objectives of this study were to:

(1) Determine locations of larval walleye concentrations in the Inland Waterway

(2) Determine if adequate food resources exist for larval walleye, defined by the density of



large-bodied zooplankton taxa, both in terms of ambient zooplankton communities and
in larval walleye diets.
(3) Examine whether biotic factors, such as zooplankton density and larval walleye

density, potentially influence the relative abundance of fall age-0 walleye.

To address the first objective, [ conducted a survey of the spring ichthyoplankton in
the rivers and lakes of the waterway in order to determine concentrations of larval
walleye in the Inland Waterway. I used Ichthyoplankton nets in each of the four study
lakes and in the Black River and Sturgeon River to gather walleye larvae at night in near
shore areas and from riverine sources where they are known to inhabit (Nepszy et al.
1991; Roseman et al. 2005). In order to address the second objective, I sampled
zooplankton concurrently with ichthyoplankton to quantify the density of large bodied
zooplankton taxa (Calanoid copepods and Daphnia spp.) available to larval walleye. I
addressed the third objective by evaluating if metrics of zooplankton density, larval
walleye density, and larval yellow perch density could predict an index of fall age-0
walleye abundance. While age-0 yellow perch are not preferred prey of age-0 walleye
(Pelham et al. 2001) they are still capable of influencing walleye year class strength
through the mitigation of cannibalism by adult walleye. For example, in years where age-0
yellow perch were not abundant, cannibalism among walleye in Lake Oneida contributed
significantly to mortality and may have determined year class strength (Forney 1974,
Forney 1976, Chevalier 1973). Finally, Fall age-0 walleye relative abundance in each of the
study lakes was assessed with a complete shoreline electrofishing survey in collaboration

with the Michigan Department of Natural Resources (DNR) and the Little Traverse Bay



Band of Odawa Indians (LTBB) in the fall of 2011 and 2012.

This study aims to give a better understanding of areas of larval walleye
concentrations in the system as well as the limitations for natural recruitment of walleye
in oligotrophic lakes. The results of this study demonstrate, in situ, the influence of forage
availability on larval walleye density and subsequent relative abundance of fall recruits.
Additionally, this work has further implications towards enhancing stocking programs in
similar systems where low zooplankton density (<<100/L) could limit walleye year-class

strength.



METHODS

Study Area
The Inland Waterway is a heterogenous system containing some of the largest

inland lakes in the state of Michigan (Figure 1). The Inland Waterway is comprised of four

lakes, Crooked Lake (area=9.5km2, max depth=15.2m), Pickerel Lake (area= 4.4km2, max
depth=22.9m), Burt Lake (area=69.3km2, max depth=22.3m), and Mullett Lake

(area=67.6km?2, max depth=44m) (Table 1). The shoreline of the waterway is largely

developed with private and commercial residences; however some undeveloped riparian
land is contained within state forest and state park land. The fish community of the
waterway is typical of oligotrophic waterbodies of northern Michigan and includes, but is
not limited to: Bowfin (Amia calva), various Cyprinids, White Sucker (Catostomus
commersoni), Black Bass (Micropterus dolomieu, Micropterus salmoides) and Lepomis
sunfish, Alewife (Alosa pseudoharengus), Northern Pike (Esox Lucius), Muskellunge (Esox
masquinongy), Burbot (Lota lota), Brown Bullhead (Ameiurus nebulosus), Longnose Gar
(Lepisosteus osseus), Rainbow Trout (Onchorhynchus mykiss), Yellow Perch (Perca
flavescens), and Walleye (Hanchin et al. 2005a; Hanchin et al. 2005b).

Documented walleye stocking in the Inland Waterway began in 1933 and continued
sporadically through the 1950s. In Burt Lake, walleye fingerlings were stocked from 1989
through 1993 (Table 2), although not at significant densities (Hanchin et al. 2005a).
Walleye fingerlings were sporadically stocked in Crooked and Pickerel Lakes from 1985-
2001 at varying densities (Tables 2). While stocking of fingerlings has likely augmented the

walleye populations in Crooked and Pickerel Lakes, an oxytetracycline (OTC) evaluation of



Crooked Lake in the fall of 2000 showed that natural production accounted for
approximately 70% of age-0 walleyes (Hanchin et al. 2005a). Recently, walleye fingerlings
have been stocked in Mullett Lake from 1999-2003 and again in 2010, 2011, and 2013
(Table 2)(Michigan Department of Natural Resources, unpublished data). Surveys of fall
age-0 walleye relative abundance showed that stocked fish represented 100% of fall age-0
walleye caught during near-shore electrofishing surveys of Mullett Lake from 1999-2002,
and have subsequently remained a considerable proportion of fall age-0 walleye (Michigan

Department of Natural Resources, unpublished data)

Spring Ichthyoplankton and Zooplankton sampling

Ichthyoplankton and zooplankton were sampled from each the four study lakes
(ichthyoplankton tows) and rivers (primarily drift nets, see details) at approximately
weekly intervals from May-June (2011) and April-June (2012). I conducted a combined
total of 318 ichthyoplankton tows and drifts and 271 zooplankton tows in 2011, and 590
ichthyoplankton tows and drifts and 507 zooplankton tows in 2012. Details of
ichthyoplankton collection effort are presented in Tables 4-7. Larval fish were collected
using a 500pum conical ichthyoplankton net with a circular 0.5 m mouth opening. A flow
meter was suspended in the center of the net to measure the volume of water filtered

during each tow. Sampling occurred parallel to the shoreline, in near shore areas, at depths
of 1-3m, and at a speed of approximately 1-1.5m-s"1 (Engel et al. 2000; Roseman et al.
2005). The net was towed through the top 0.5m of the water column, where larval walleye

are documented to be the most abundant (Engel et al. 2000). Collection occurred between

2100 and 0100 hours when the greatest number of walleye larvae are vulnerable to



capture near surface water and in order to overlap capture with the period of time when
walleye are known to feed and therefore allow for the analysis of gut contents (Mitro and
Parrish 1997; Corbett and Powles 1986). Due to their size, Burt Lake and Mullett lakes
were sampled either in two consecutive nights or in one night by two crews. Crooked and
Pickerel lakes could be sampled in one night by a single crew. Burt and Mullett lakes were
divided into 16 zones from a focal point in the center of the waterbody with eight zones
designated to both the western and eastern shores of the lake. Four zones from a total of
eight were randomly selected for sampling per shoreline, per night. Crooked and Pickerel
lakes were sampled by randomly selecting 12 suitable start locations. A pool of possible
start locations was created by conducting a complete shoreline survey where start
locations were set for every five minutes of travel time, roughly equivalent to the distance
travelled when conducting Ichthyoplankton trawls.

Zooplankton samples were collected in the lakes only. Samples were collected at the
completion of each ichthyoplankton tow using a vertical tow of a Wisconsin Plankton Net
(12cm diameter x 80pum). Following collection, ichthyoplankton and zooplankton samples
were stored in 95% ethanol for enumeration and identification in the laboratory.

[ also collected ichthyoplankton in the Black and Sturgeon rivers. In 2011, [ employed
ichthyoplankton tows in the Black River, with the same methods used for collection in the
study lakes. A pool of possible sampling sites on the Black River were selected by
conducting a complete survey of the length of the Black River from the convergence of the
Black River and Cheboygan River to completion at the Alverno Dam (Figure 1). Of the total
possible starting locations, 12 were randomly selected for each night of sampling. However,

[ made the decision to switch the ichthyoplankton collection method from tows in 2011 to



drift net sampling in 2012 on the Black River due to the inherent danger of towing the
poorly channelized river at night. Therefore in 2012, ichthyoplankton nets were drifted in
the Black River from the Mograin Bridge, approximately 1km downstream of the Alverno
Dam, the only static structure proximate to spawning areas where nets could be safely
anchored. Three nets were set simultaneously in four rounds of 30-minutes. Collection
occurred between 2100 and 0100 hours when the greatest number of drifting walleye
larvae are vulnerable to capture at the surface of water (Mitro and Parrish 1997; Corbett
and Powles 1986). The shallow depth also precluded the use of larval towing methods on
the Sturgeon River. Therefore, [ sampled the spring larval fish assemblage on the Sturgeon
River in 2011 and 2012 by anchoring drift nets from a small bridge approximately 200

meters from the mouth of the river.

Fall near-shore electrofishing survey

I related a number of biological variables to fall age-0 walleye abundance to explore
factors that have the potential to influence age-0 walleye relative abundance within the
Inland Waterway. In order to accomplish this goal, I conducted a survey of fall age-0
walleye density on each study lake in order to develop an index of walleye recruitment
within the system. Age-0 walleye recruitment was quantified as the relative abundance
(CPUE) of age-0 walleyes in fall of each year from electrofishing surveys conducted in
collaboration with MDNR Fisheries Division and Little Traverse Bay Band of Odawa Indians
crews in the 2011 and 2012. The fall survey consisted of electrofishing the entire shoreline
each year on all four lakes. Because stocking occurred on Mullett Lake in 2011, it was
necessary to evaluate the ratio of naturally produced-to-hatchery-produced fish. Walleye

captured during the survey were sacrificed in MS-222 and stored on ice until they could be
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transported to the laboratory. Otoliths from sacrificed walleye were removed and
examined for oxytetracycline marks (indicating these fish were of hatchery origin) in order
to assess recruitment of stocked and naturally produced age-0 walleye in Mullett Lake.
Mean catch-per-mile of naturally produced age-0 walleye was calculated for each lake in

2011 and 2012.

Ichthyoplankton Enumeration

Ichthyoplankton samples collected in the spring of 2011 and 2012 were enumerated
under a microscope to determine the mean density of each taxon for each sampling event.
All species collected in ichthyoplankton tows were identified to the lowest possible taxon.
Total length was measured and gut contents of larval walleye were collected in order to
assess prey selectivity during development. A General Linear Model (GLM) with waterbody
and sampling year treated as categorical variables with interaction (walleye density=
Waterbody | Sampling Year), and subsequent Tukey-HSD Post-Hoc testing, using the GLM
procedure in SAS, were conducted to determine if spring age-0 walleye density differed

significantly among waterbodies and sampling years.

Evaluation of age-0 walleye diet

The contents of the alimentary canals of YOY walleye captured with ichthyoplankton
tows were evaluated to assess prey selectivity of larval walleye during development. All
prey items within the gut of age-0 walleyes were identified, counted and measured

(standard length). Copepod prey were identified as either Calanoid or Cyclopoid, whereas
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cladocerans were identified to the lowest possible taxonomic level. Age-0 walleye dietary
items were to be compared with available forage to determine the selection of prey items
by walleyes across the waterway. However, an insufficient number of walleyes possessed

gut-contents (<90%, N=146), precluding the use of selectivity analysis.

Zooplankton Enumeration

Zooplankton samples were analyzed to determine the composition of the crustacean
zooplankton community at every ichthyoplankton sampling site. Copepod nauplii and
rotifers were not enumerated as they do not represent a significant portion of age-0
walleye gut contents (Hoxmeier et al 2004; Peterson et al 2006; Mathias and Li, 1982).
Calanoid copepods and Daphnia were categorized as large-bodied zooplankton taxa in
order to calculate the mean density of preferred dietary items for spring age-0 walleye
(Engel et al. 2000; Houde 1967). Zooplankton samples were filtered through a ring net (80
um) and then adjusted to a known volume. Visibly dense samples were subsampled in 1mL
aliquots until a minimum of 100 individuals were counted (Hoxmeier et al 2006). Total
lengths for up to ten individuals from each major group (Calanoid and Cyclopoid copepods,
Bosmina, Daphnia) were recorded using digital imaging software (Hoxmeier et al., 2004). A
GLM with Lake and sampling year treated as categorical variables with interaction,
(Zooplankton density= Lake | Sampling Year) and subsequent Tukey-HSD Post-Hoc testing,
using the GLM procedure in SAS, were conducted to determine if the spring zooplankton
community or large-bodied taxa density differed significantly among waterbodies and

sampling years.
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Summer shore seining survey

A rectangular seine net measuring 15.24m X 1.22m with 0.63cm mesh was used
during the month of July with the intent of developing a mid-summer index of age-0
walleye abundance. One end of the seine was anchored to the shore; the other end was
deployed perpendicular to the shore and was swept around a 90-degree arc. Three
replicate hauls were conducted at each sampling site, with each subsequent replicate
beginning at the location on shore where the previous haul concluded. Between 5-6
sampling sites were chosen on each of the four lakes within the waterway, depending on
the limitations of site quality and access. Over both sampling years, a total of 54 seine hauls
were completed. No age-0 walleye were captured during 2011-2012 shore seining effort,

so results are not reported for this portion of the study.

Regression analysis
[ used linear regression to test for significant predictors of annual spring and fall

age-0 walleye density within the waterway. These predictors were zooplankton density,
larval walleye density, and larval yellow perch density. [ used Pearson’s Product-Moment
Correlation test to determine relationships of fall age-0 walleye density with zooplankton
community density, large-bodied zooplankton taxa density, spring age-0 walleye, and
spring age-0 yellow perch. I also used this test to evaluate the association of spring age-0
walleye density with zooplankton community density, large-bodied zooplankton taxa

density, and spring age-0 yellow perch.
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RESULTS

Spring larval walleye abundance

Overall, walleye represented less than 0.2% of the ichthyoplankton community

during 2011-2012 sampling (mean density=3.56-1000m'3 SE=1.29). Yellow Perch (mean

density =1376.15-1000m™3 SE=164.26) and white sucker (mean density=509.7-1000m'3

SE=137.892) dominated the catch (Figure 3).

Larval walleye densities differed significantly across lakes (F=5.51, p=<0.001), with

walleye density being highest in Burt Lake (mean:2.47-1000m'3 SE=0.81)(Tukey HSD,

p<0.05)(Figure 4). All other lakes contained similar mean larval walleye densities (Tukey
HSD, all p>0.05)(Figure 4). Walleye density in Burt Lake was on average 87% higher than

all other lakes, and 94% higher than Pickerel Lake, which had the lowest walleye larvae

density in the system (mean=0.14-1000m™3 SE=0.14) (Figure 4). No walleye were captured

in Pickerel Lake in spring 2011. Within each lake, walleye densities were similar in 2011

and 2012 (Tukey HSD, all p>0.05) (Figure 4). Of the rivers sampled, the Sturgeon River had

the highest point estimate of mean larval walleye density in 2011 (mean = 8.64-1000m™3

SE=4.66)(Figure 5). The Black River had the highest point estimate of mean larval walleye

density in 2012 (mean=24.08 -1000m"3 SE=16.39)(Figure 5). However, GLM results

indicated that there was no significant difference in walleye density between the rivers
(F=0.69, p=0.60)(Figure 5). The density of walleye larvae captured in rivers was similar in

2011 and 2012 (Tukey HSD, all p>0.05) (Figure 5).
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In the lakes sampled, peak walleye density appeared to occur earlier in 2012 than in

2011 (Figure 6).In 2011, the walleye density peaked in Burt Lake on May 215t
(mean=29.16-1000m'3 SE =16.71), whereas in 2012, the peak density was observed on
May gth (mean=4.51-1000m™3 SE=1.47). This trend was also observed on Crooked Lake
where, in 2011, the peak walleye density occurred on May 16th (mean=1.35-1000m™3
SE=0.92) and on April 28th 2012 (mean= 3.71-1000m™3 SE=2.69), and in Mullett Lake,
where walleye density peaked on June 5%, 2011 (mean=2.31:1000m™3 SE=1.57) and May

19th, 2012 (mean=1.14-1000m"3 SE=0.79). Results in Pickerel Lake were equivocal, as no

walleyes were captured in 2011. Walleye density in the Black River peaked one week

earlier in 2011 than in 2012; however this pattern was not observed in the Sturgeon River

(Figure 7). In the Black River, walleye density peaked on May 13th 2011
(mean=6.61-1000m™3 SE=3.15) and in 2012 on May 215 (90.35-1000m™3 SE=75.35).
Walleye density in the Sturgeon River peaked in 2011 on May 1g8th (mean=21.6-1000m™3)

and in 2012 on May 14th (mean=38.33-1000m"3).

Zooplankton Community: density and length frequency dynamics
Large-bodied zooplankton densities differed significantly across lakes (F=9.62,

p<0.0001). Post-hoc analysis indicated that large-bodied zooplankton (i.e., Calanoid

copepods, Daphnia) was significantly higher in Burt Lake (mean=1.82-L"1 SE=0.21, Tukey
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HSD, p<0.05) with densities that were at least 56% higher than all other lakes (Figure 8).

Additionally, the density of large-bodied zooplankton across all lakes in the waterway was

higher in 2012 (mean= 1.34-L°1 SE=0.12) than 2011 (mean= 0.74-L"1 SE=0.13, Tukey HSD,

p<0.05). A summary of the mean density of the four most common taxa is provided in Table
3.

Zooplankter mean length (all taxa) was significantly different among lakes (F=38.69,
p<0.0001), with post-hoc analysis indicating that zooplankton in Crooked Lake
(mean=0.50mm SD=0.03) were significantly larger than all other study lakes (Tukey HSD,
p=<0.05)(Figure 9). Zooplankton in Mullett Lake were smaller than all other lakes (Tukey
HSD, p<0.05, mean=0.44mm SE=0.004), but Burt and Pickerel lakes contained similar-sized
zooplankton. The difference between the lake with the largest average zooplankton length
(Crooked Lake) and the smallest (Mullett) was small (0.06mm). Length frequency
distributions of the combined zooplankton community of the entire waterway indicate
large zooplankton (=1mm) composed <10% of the community by number, while small

zooplankton (0.2mm-0.5mm) were most common (Figure 10).

Fall age-0 walleye recruitment: Annual density and regression analysis

Age-0 walleye were sampled using a near shore electrofishing survey that was
designed to sample the entire shoreline of the four lakes in the waterway. Because of the
sampling design, the resulting estimate of annual age-0 walleye density lacked the
replication required in order to test for variance in catch data across the four lakes in the

waterway. Specifically, Pickerel Lake only had one estimate, precluding the ability to assess
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differences in lake-specific densities. However, catch data from the survey indicated that

Burt Lake had the highest CPUE of naturally produced age-0 walleye in 2011 (mean

=8.32-mile’l SE=1.34) and 2012 (mean=8.32-mile"! SE=3.58), while Crooked Lake had the
lowest CPUE in 2011 (0.62-mile”! SE= 0.23) and Pickerel Lake had the lowest CPUE in 2012

(1.01-mile 1) (Figure 11). The mean density of naturally produced age-0 walleye captured
in the study lakes was positively related to the spring density of large-bodied zooplankton
taxa (r2:0.53, p=0.042)(Figure 12) and spring density of age-0 walleye (ré=0.67,
p=0.01)(Figure 13). Fall age-0 walleye density was not significantly related to the system
wide mean density of the zooplankton community (r2=0.45, p=0.13) or the system wide
mean density of spring age-0 yellow perch (r4=0.07, p=0.52). No correlations were found
between the system wide mean densities of spring age-0 walleye, spring age-0 yellow

perch (r2=0.02, p=0.75), all zooplankton taxa (r2=0.34, p=0.13), or large-bodied

zooplankton taxa (r2=0.23, p=0.23)(Figures 14-18).
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DISCUSSION

The larval period is a critical time in the development of many fish species (Blaxter
1986). As is the case with many other piscivores, walleye must rely on zooplankton prey
before they can consume fishes (Colby et al., 1979). Therefore, the study of zooplankton
abundance and its influence on walleye recruitment dynamics has been the focus of several
laboratory and field studies (Spykerman 1974; Li and Mathias, 1982; Houde 1987; Miller et
al. 1988; Fielder 1992; Hoxmeier et al. 2004). This study provides further insight into the
influence of early forage base on age-0 walleye abundance and provides an example of a
study design that can be used to concurrently determine the density of larval walleye and
their zooplankton prey.

While it is likely that multiple abiotic and biotic factors are responsible, this study
provides some evidence to support the hypothesis that low walleye larvae density in the
spring and a decline in natural recruitment in Mullett Lake are consequences of inadequate
forage availability to walleye during early life stages. | observed that the mean density and
length of zooplankton prey was not sufficient to support high densities of walleye larvae
within the waterway (Li and Mathias 1982; Hoxmeier et al. 2004; Peterson et al. 2006).

During both years of this study, the density of large-bodied taxa (Calanoid copepods,

Daphnia) across all study lakes was low (~2-L"1)(Figure 8), and well below the 100
Daphnids-L-1 generally thought to be needed for optimal walleye survival (Li and Mathias

1982; Hoxmeier et al. 2004). Similarly, Daphnia spp. abundance less than 10-L1 was

related to poor survival of walleye larvae in Lake Oahe, South Dakota and several

Pennsylvania Reservoir (Fielder 1992; Peterson et al. 2006). However, adequate walleye
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recruitment has been observed when spring large-bodied zooplankton densities <<100-L"1

were observed. For example, Engel et al. (2000) reported densities of fall age-0 walleye

>300-ha coinciding with spring daphnia densities <10-L-1. While an absolute threshold

between zooplankton density and larval walleye survival has not been established, high
walleye larvae survival is more likely when greater densities of large-bodied zooplankton
are available during early life stages.

This study also corroborates results from previous experiments that reported a
positive relationship between zooplankton density and larval fish density (Lemly and
Dimmick 1982; Mills et al. 1989; Claramunt and Wahl 2000; Engel et al. 2000; Hoxmeier et
al 2004; Peterson et al. 2006). Hoxmeier et al. (2004) demonstrated that walleye larvae

reach optimal survival and growth rates in experimental tanks and rearing ponds when

large-bodied zooplankton densities exceed 100-L"1. Similarly, Peterson et al. (2006)

observed in a study of five Pennsylvania impoundments that zooplankton density was

positively related to fall catch of age-0 walleye and that young-of-year catch in the fall was

low (<10 individuals) when spring zooplankton densities were below 50-L1.

Walleye larvae represented a small portion of the ichthyoplankton community in
the waterway during the spring of 2011 and 2012 (Figure 3). Yellow perch were the most
abundant ichthyoplankton species observed during the study and were nearly 100 times
more abundant than walleye. It is likely that yellow perch larvae in the waterway were able
to grow and survive on the extant zooplankton community, which was dominated by small
zooplankters (< 0.5mm). Yellow Perch larvae (<10mm) rely almost exclusively on copepod

nauplii and small copepods (< 0.5mm) during early life stages (Schael et al. 1991; Bremigan
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et al. 2003). In contrast, walleye larvae experience slow growth rates when feeding on
small zooplankton (<1mm)(Crowder et al. 1987; Johnston and Mathias, 1994). When

transitioning to exogenous feeding, walleye larvae require high densities of small

zooplankton (200-800-L‘1) in order to attain maximum consumption rates, while those

feeding on large zooplankton (> 1mm) require lower densities (20-300-L"1) to achieve

optimal growth and survival (Johnston et al. 1994). However, zooplankton densities in this
system were low, and neither large zooplankton nor small zooplankton approached
optimal densities for walleye (Figure 10).

Along with prey density, prey size is a factor that can influence walleye recruitment
success. Walleye forage in a manner that optimizes growth (Mathias and Li 1982; Fox
1989). Several studies indicate that fish larvae selectively consume large zooplankton,
relative to gape size, in order to maintain the highest reward rate relative to foraging costs
(Mittlebach 1981; Mills et al. 1984; Li et al. 1985; and Confer and O'Bryan 1989). First
feeding walleye in Oneida Lake consumed zooplankton as large as was allowed by their
mouth gape (0.93-1.5mm gape for 10-13mm fish)(Graham and Sprules 1992). In this study,
system-wide mean zooplankter length was <0.50mm, with small zooplankton (0.2mm-
0.5mm) most common, and zooplankton > 1.0mm representing <10% of the community
(Figure 10). This suggests that large zooplankton in all of the study lakes are not
sufficiently abundant to support high walleye survival. While I found significant
differences in mean zooplankton length among the study lakes, the difference between the
lake with the largest average zooplankton length (Crooked Lake) and the smallest (Mullett)

was small (0.06mm) and is not likely to be biologically significant given the lack of studies
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that report zooplankton size information at the um scale. Therefore, it is likely that the

combination of low zooplankton density (<2-L™1) and small zooplankter size (<0.50mm)

could limit first feeding walleye survival within the waterway.

The high proportion of empty alimentary canals observed in larval walleye during
this study adds support to the conclusion that zooplankton density in the waterway is
inadequate to support high survival of larval walleye. The low number of larval walleye
captured during this study coupled with the high proportion of empty alimentary canals (>
90%) across all four lakes precluded the use of diet analysis in this study. However, the
high proportion of empty alimentary canals suggests that larval walleye within the
waterway are not feeding and may be experiencing deleterious effects of starvation

brought about by inadequate prey availability (Mion et al. 1998). Similarly, larval walleye

feeding success was compromised by low zooplankton densities (<1 individual-L'l) in the

Maumee River, Ohio where >90% of larval walleye guts were empty (Mion et al. 1998). In
contrast, all walleye fry captured in Clear Lake, [owa contained gut contents when
zooplankton density exceeded 100-L71 (Bulkley et al.1976).

While forage conditions throughout the waterway appeared inadequate to support
high larval walleye survival, differences in zooplankton density did exist among the study
lakes. Further, these differences were positively related to walleye recruitment within the

system. Therefore, this study provides evidence that walleye year-class formation is

influenced in part by forage availability, even across a narrow range of large-bodied

zooplankton densities (< 5 zooplankters-L-1). For example, Burt Lake had higher

zooplankton densities and fall young-of-year walleye catch rates in 2011 and 2012 in
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comparison to the other study lakes (Figure 8). This paralleled higher walleye larvae
density in spring (Figure 11), which is indicative of higher larval hatch abundance, higher
larval survival rates, or both. Furthermore, a significant positive relationship between fall
age-0 walleye CPUE and zooplankton density, monitored in four lakes over a 2-year period,
adds further support to the hypothesis that zooplankton prey availability during critical
early life stages influences larval walleye survival and hence year-class formation of
juvenile walleyes (Figure 12).

While the evidence suggests that inadequate forage may indicate low larval walleye
survival within the system, several alternative hypotheses remain. First, it is possible that
annual variability in egg production (based on spawning adult abundance and fecundity
estimates) was responsible for the low densities of walleye larvae that I observed. There
has been no recent survey of walleye egg production in the waterway to determine if low
egg production is contributing to low larval walleye densities. However, because annual
variability in walleye egg production is generally low relative to variability in fall age-0
walleye abundance, first year survival typically drives variability in year-class strength
(Barton 2011). Further, predation on walleye eggs is common and has the potential to
affect walleye recruitment success in aquatic systems. Corbett and Powles (1986)
observed that yellow perch and white suckers preyed upon walleye eggs, but the authors
did not provide an assessment of its effect on walleye recruitment. Similarly, Roseman et al.
(1996) found that 86% of White Perch (Morone americana) had consumed walleye eggs.
Post et al. (2002) surmised that declining recreational species abundance could lead to
compensatory increases in forage species, which may limit the ability of recreational

species to recover due to the suppression of juveniles through predation and competition.

22



Yellow perch are abundant in the Inland waterway, representing 77% of total angler catch
according to a 2001 summer angler survey (Hanchin et al. 2005), and have the potential to
consume walleye eggs, particularly in Mullett Lake where adult walleye abundance has
declined. However, it is unknown whether walleye egg predation occurs at a significant
level in the waterway. Roseman et al. (1996) held that walleye egg predation may only
affect recruitment in years with low spring temperatures and slow warming rates,
prolonging egg development and increasing the time that egg predator spawning overlaps
with walleye spawning. However, there has not been substantial evidence of population-
level effects of walleye egg predation showing a negative effect on recruitment success
(Barton 2011). It is also possible that recruitment within the system could be influenced by
predation on larval and/or juvenile walleye. Juvenile walleye can be prey for several
cohabiting fish species including top predators such as northern pike, smallmouth bass,
and largemouth bass among others. Larval walleye can be consumed as well by
planktivores such as black crappie, white crappie, alewife, white perch, and yellow perch
(Schneider and Leach 1977; Colby et al. 1979; Brooking et al. 1998). Alewives in particular
have been documented as effective predators of numerous species native to the Great
Lakes (Kohler and Ney 1980; Brandt et al. 1987), and have been observed to prey intensely
upon walleye (Brooking et al. 1998). If alewife were feeding on larvae, I would expect other
vulnerable species, particularly yellow perch to also show signs of population decline.
However, yellow perch are one of the most abundant species in the Inland Waterway,
representing 77% of total angler catch according to a 2001 summer angler survey
(Hanchin et al. 2005) and dominating ichthyoplankton tow catches (>350 times more

abundant than walleye).
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While proximal causes for low zooplankton density and community size-structure
are numerous, the establishment and expansion of dreissenid mussels and other non-
native planktivores may play a role. Dreissenid invasion has been associated with
reductions in productivity, and zooplankton abundance (Hoyle et al. 2008; Kissman et al.
2010). In one study, Michigan lakes invaded by dreissenids showed declines in Chl-a,
phytoplankton biomass, and Daphnia biomass of 21%, 24%, and 40%, respectively when
compared with non-invaded lakes (Kissman et al. 2010). Similarly, the zebra mussel
invasion in the Inland Waterway coincided with a decline in primary productivity (Chl-a),
increased water clarity, and increased reliance on stocking in the Inland Waterway.
Invasions of rainbow smelt and alewife could also contribute to low zooplankton size in
Burt and Mullett Lake. For example, Brooks and Dodson (1963) and Beisner et al. (2003)
demonstrated that invasive planktivores have the potential to reduce the density and size,
as well as alter the composition of zooplankton communities. Alewives are effective
planktivores and are believed to restructure zooplankton communities through selective
predation, reducing the size and abundance of large-bodied zooplankton taxa, and are
therefore direct competitors with walleye fry (Wells 1970; Schneider and Leach 1977).
However, at the time of this study, it is uncertain whether Alewife abundance in the system
is high enough to cause deleterious effects on the walleye population. Furthermore, alewife
have not been captured in Crooked Lake or Pickerel Lake. Consequently, I find it unlikely
that alewife are responsible for the low forage availability observed in those lakes.

The present study parallels the work by Engel et al. (2000) while also increasing the
frequency and duration of annual sampling effort in a system including four study lakes

and two rivers. In addition, we chose to collect zooplankton samples concurrently with
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ichthyoplankton, instead of sampling at the deepest site in the water body. Our
methodology allowed us to assess the forage availability at the site of walleye larvae

capture. In both the present study and Engel et al. (2000), large-bodied zooplankton

densities within Escanaba Lake and the Inland Waterway were low (<10-L'1). Additionally,

Engel et al. (2000) also observed a positive relationship between fall age-0 walleye
abundance and spring walleye larvae density, as well as spring zooplankton density.

Unfortunately, it is impossible to compare the density of spring age-0 walleye between

these two studies, due to differences in unit reporting (walleye-1000m™3 in the present

study versus walleye-1000 revolutions of a flow meter1 in Engel et al. 2000).

The highest densities of juvenile walleye in the Inland Waterway were observed in
the Black River and Sturgeon River (~100m from Burt Lake), suggesting that river-
spawned walleye contribute to natural reproduction in the system. However, because I did
not estimate the total abundance of larval walleye from river and lake origins, I cannot
comment on the extent that rivers contribute larval walleye to the waterway. Observation
of riverine habitat indicated large sections of coarse gravel-cobble substrate suitable for
walleye spawning (Dustin and Jacobson 2003; Kelder and Farrell 2009; Ivan et al. 2010;
Chalupnicki et al. 2010). Gravid and barren female walleyes were marked in the Black River
and the Sturgeon River and recaptured within the lakes proper during 2011 and 2012
mark-recapture surveys (Michigan Department of Natural Resources, unpublished data).
These findings suggest that some walleye within the system employ a lake-to-river
reproductive strategy. This reproductive strategy is found elsewhere, including the

Maumee River and the western basin of Lake Erie, the Current River and Thunder Bay,
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Lake Superior, and the Ottertail river and Many Point Lake, MN (Olson and Scidmore 1962;
Geiling et al. 1996; Roseman et al. 2001) and in some systems can provide a significant
contribution to larvae populations in recipient lakes. For example, Roseman et al. (2001)
observed that 90% of walleye larvae collected in western Lake Erie in a 1998 study were
found in sites closest to Maumee Bay, indicating that a large portion of walleye larvae were
of Maumee River origin. Similarly, 75% of adult walleye in Black Bay, Lake Superior
captured during an individual-based genetic analysis from 2004-2010 were found to have
originated from native populations in the Black Sturgeon River (Garner et al. 2013).

While I did not find a statistical difference in larval walleye density between the
rivers sampled in this study, | observed that the average larval walleye density in the rivers
was higher than what was observed in the four study lakes. The contribution of river-
spawned walleye fry to the system highlights the importance of identifying and
maintaining quality riverine spawning habitat as well as connectivity in systems where
walleye utilize a lake-river reproductive strategy (Wilson et al. 2007). While it is likely that
some of the walleye larvae found in the lakes were from riverine sources, we cannot be
certain the magnitude of this contribution based on the present study. Further assessment
of this question, perhaps using otolith microchemistry techniques, may allow managers to
determine the natal origin of walleye within the system. Otolith microchemistry has been
successfully used to distinguish unique spawning populations within the Great Lakes for
several species including yellow perch, cisco (Coregonus artedi), and sea lamprey
(Petromyzon marinus)(Bronte et al. 1996; Brazner et al. 2004; Brothers and Thresher 2004;
Dufour et al. 2008; Whitledge 2009). These techniques were also used successfully by

Pangle et al. (2010) to classify yellow perch larvae to natal embayments and tributaries in
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Lake Erie with high accuracy.

Walleye larvae density was higher in Burt Lake than any other lake within the
waterway (Figure 4), peaking in late May in 2011 and early May in 2012 (Figure 6). This
timing difference between years was also observed in Crooked and Mullett lakes and can be
attributed to an unusually early ice-off in 2012. Walleye density in Burt Lake was
on average 87% higher than all other lakes, and 94% higher than Pickerel Lake, which had
the lowest walleye larvae density in the system (Figure 4). While the percent difference in
walleye density appears to be considerable, it is important to emphasize that the difference

between the waterbody with the highest walleye density (Burt Lake) and the waterbody

with the lowest (Pickerel Lake) was small (< 2.5-1000m™3). While significant differences in

walleye production within the waterway exist, system wide spring age-0 walleye density
was very low and is comparable to other systems that have experienced poor recruitment.

For example, the mean density of walleye fry in western Lake Erie from first hatch through

the end of May of 1995 was 2.0'1000m'3, which at the time of the study was the second

smallest since 1983 (Roseman 1997; Rosemen et al. 2005). However, peak densities of

walleye larvae have been reported between 167-273-1000m™3 in the Maumee and

Sandusky Bay, Lake Erie (Mion et al. 1998). Similarly, Noble (1972) observed peak

densities of walleye produced in Billington Bay, Lake Oneida from between 800-1000m™3-

900-1000m3 in the spring of 1996.

To my knowledge, this study is the first to document a positive relationship between

zooplankton density and fall walleye abundance in a waterway where prey availability
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across all lakes is scarce (<< 10-L"1). While some studies failed to find a relationship

between walleye fry survival and forage abundance (Houde 1967; Partridge and DeVries
1999; Quist et al. 2004), the present study provides further evidence in support of the
hypothesis that spring zooplankton density has the potential to influence larval survival
and year-class formation of age-0 walleye (Lemly and Dimmick 1982; Mills et al. 1989;

Claramunt and Wahl 2000; Engel et al. 2000; Hoxmeier et al 2004; Peterson et al. 2006).

Management implications and research needs

The relationship between zooplankton prey abundance and walleye larvae
abundance could be applied to create predictive models of juvenile walleye abundance or
survival in similar systems. The development of such models could allow managers to
predict year-class strength, and help to identify if augmenting natural reproduction
through stocking or other means is necessary.

Prey availability should be when making decisions related to stocking walleye fry.
Information on spring zooplankton abundance, provided through similar surveys, could
help managers decide the number of walleye to stock and whether to stock larger
fingerlings rather than fry. Based on the current condition of spring forage availability (i.e.
low density and small size of zooplankton prey) within the Inland Waterway, it is not
recommended that stocking of walleye fry occur. Rather, stocking late spring and fall
fingerlings that rely on benthic invertebrates and forage fish rather than zooplankton,

would likely result in higher stocking success and thus augment natural reproduction.
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APPENDIX A: Results of spring and fall sampling efforts and supporting figures and tables

Lake Huron
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Pickerel Lake Vi s s KM

Figure 1: The Inland Waterway of northern Michigan. Sites where drift net sampling
occurred on the Black River and Sturgeon River are labeled with a star. The Alverno Dam is
also marked on the map (black bar), which represents the farthest up stream that sampling
occurred on the Black River. For interpretation of the references to color in this and all
other figures, the reader is referred to the electronic version of this thesis.
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Figure 2: Mean Secchi (m, grey) and Chlorophyll-a (mg/L, black) in Burt Lake (A), Crooked Lake (B), Mullett Lake (C), and
Pickerel Lake (D), from 1986-2010. (Tip of The Mitt Watershed Council, unpublished data)
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Figure 3: Mean density of commonly observed age-0 ichthyoplankton species over all waterbodies and sampling dates, 2011-
2012. Standard error of the mean (SE) represented by error bars.
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Figure 4: Observed mean larval walleye densities during spring 2011 (black) and 2012 (grey) ichthyoplankton sampling effort.
Waterbodies with unique letters designate a significant difference in larval walleye density over all sampling dates across
2011-2012 (Tukey HSD, p= <0.05). Standard error of the mean (SE) represented by error bars.
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Figure 5: Observed mean larval walleye densities during spring 2011 (black) and 2012 (grey) ichthyoplankton sampling effort.
Standard error of the mean (SE) represented by error bars.
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Figure 6: Observed spring larval walleye density (#/1000m3) in Burt Lake, Crooked Lake, Mullett Lake, and Pickerel Lake per
sampling event during 2011 (black) and 2012 (grey) sampling efforts. Bars represent standard error.
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Figure 7: Observed spring larval walleye density (#/1000m3) in the Black River and the Sturgeon River per sampling event
during 2011 (black) and 2012 (grey) sampling efforts. Standard error of the mean (SE) represented by error bars.
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Figure 8: Mean density of large-bodied taxa (Calanoid copepods, Daphnia) in the waterway. Waterbodies with unique letters
designate a significant difference in density over all sampling dates across 2011 (black) and 2012 (grey) (Tukey HSD, p<0.05).
Standard error of the mean (SE) represented by error bars.
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Figure 9: Mean length of zooplankton community over all sampling dates, 2011-2012. Waterbodies with unique letters
designate a significant difference in zooplankton length (Tukey HSD, p<0.05). Standard error of the mean (SE) represented by
error bars.
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Figure 10: Length frequency of zooplankton in Burt Lake (A-B), Crooked Lake (C-D), Mullett
Lake (E-F), and Pickerel Lake (G-H) in April (dashed black), May (solid black), and June
(solid grey) in 2011 and 2012 (first and second columns, respectively). Error bars
represent standard error of the mean.
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Figure 11:Fall walleye CPUE in the Inland Waterway in 2011 (black) and 2012 (grey). Error
bars represent standard error of the mean.
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Figure 12: Regression of large-bodied zooplankton density and fall age-0 walleye catch per mile by lake and year (r2=0.53,
p=0.042).
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Figure 13: Regression of spring age-0 walleye density and fall age-0 walleye catch per mile by lake and year (r4=0.67, p=0.01)
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Table 1: Summary of physical characteristics of the lakes of the Inland Waterway. Secchi and Chl-a provided by 2008 water
quality survey conducted by the Tipp Of The Mitt Watershed Council.

2
Area (km-) Mean Depth (m) Max Depth (m) Secchi (m) Chl-a (ppb)

Burt Lake 69.3 22.3 22.3 4.9 1.0
Mullett Lake 67.6 11.3 44 5.2 0.2
Crooked Lake 9.5 15.2 3.5 1.7
Pickerel Lake 4.4 229 3.0 1.4
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Table 2: Recent walleye stocking history of the Inland Waterway. Repeated years indicate multiple size groups stocked.

Burt Lake Crooked Lake Mullett Lake Pickerel Lake
Density Density Density Density

Number stocked Size  Number stocked Size  Number stocked Size  Number stocked Size
Year stocked (#/km?) (cm)  stocked (#/km?) (cm)  stocked (#/km?) (cm) stocked (#/km?) (cm)
1985 5,500 578.9 3.8 5,500 1,250.0 3.8
1986 4,000 421.1 3.8
1987
1988 500 52.6 4.3
1989 20,350 293.7 3.5 750 78.9 3.8 750 170.5 3.8
1990 18,346 264.7 4.6 50 5.3 2.5
1991 17,000 245.3 4.6 75,000 7,894.7 5.1
1992 17,000 245.3 3.6
1993 16,280 234.9 3.6
1994 160,750 16,921.1 3.0 50,000 11,363.6 4.8
1995
1996 108,500 11,421.1 3.3 25,000 5,681.8 3.0
1997
1998 80,500 8,473.7 3.0 28,000 6,363.6 3.0
1999 2,700 284.2 3.8 100,000 1,479.3 3.0
2000 52,500 5,526.3 2.8 100,000 1,479.3 2.3 12,500 2,840.9 3.0
2001 100,000 1,479.3 2.8
2002 13,870 205.2 3.0
2003 100,000 1,479.3 2.8
2010 101,000 1,494.1 4.6
2010 4,000 59.2 17.8
2011 97,951 1,449.0 4.6
2011 7,500 1109 17.8
2012 7,500 110.9 17.8
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Table 3: Mean zooplankton community density over both sampling years, including the four most common taxa.

Bosmina Calanoid Cyclopoid Daphnia
Mean density (#/L) SE  Mean density (#/L) SE Mean density (#/L) SE  Mean density (#/L) SE
Burt Lake 3.52 0.28 3.03 0.34 1.79 0.12 0.61 0.22
Crooked Lake 5.18 0.72 1.67 0.31 9.25 0.98 0.32 0.11
Mullett Lake 9.87 0.98 0.62 0.08 3.34 0.28 0.19 0.05
Pickerel Lake 4.08 0.56 1.96 0.23 6.90 0.86 0.02 0.00
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APPENDIX B: Supplemental figures and tables

Table 4: Ichthyoplankton trawl and drift effort for May-June 2011 in study lakes. Effort is measured as the number of trawls
and drifts performed.

Lake
Week Burt Lake Crooked Lake Mullett Lake Pickerel Lake Total
1 - 30 - 12 42
2 - - - - 0
3 8 13 - 8 29
4 8 - 4 9 21
5 12 - 12 9 33
6 36 4 13 - 53
7 - - 24 - 24
Total 64 47 53 38 202
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Table 5: Ichthyoplankton trawl and drift effort for May-June 2011 in study rivers. Effort is measured as the number of trawls
and drifts performed.

River
Week Bl_ack Cro_oked Crooked-Pickerel Narrows Chepoygan InQian Stu_rgeon Total
River River River River River
1 - - 3 - - - 3
2 17 12 - 1 10 18 58
3 - - 2 5 9 16
4 12 5 - - 5 - 22
5 - - 2 5 - - 7
6 5 - - 5 - - 10
Total 34 17 7 16 15 27 116
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Table 6: Ichthyoplankton trawl and drift effort for April-June 2012 in study lakes. Effort is
measured as the number of trawls performed

Lake
Burt Crooked Mullett Pickerel
Week Lake Lake Lake Lake Total
1 - 12 - - 12
2 - 7 - 10 17
3 - 12 - - 12
4 - - - 12 12
5 25 12 24 12 73
6 24 12 24 12 72
7 24 12 24 16 76
8 24 12 24 12 72
9 24 12 12 12 60
10 24 - 12 - 36
Total 145 91 120 86 442
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Table 7: Ichthyoplankton drift effort for April-June 2012 in study rivers. Effort is measured
as the number of transects and drifts performed.

River
Week Bl_ack Sturgeon Total
River River
1 - 12 12
2 - - 0
3 9 12 21
4 - 12 12
5 12 - 12
6 12 10 22
7 12 9 21
8 12 12 24
9 12 12 24
10 - - -
Total 69 79 148
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Table 8: Number of young of year walleyes captured in study lakes during May-June 2011

trawl effort.

Lake
Burt
Week Lake Crooked Lake Mullett Lake Pickerel Lake Total
1 - - - - 0
2 - - - - 0
3 16 2 - - 18
4 1 - - - 1
5 2 - - - 2
6 1 - 2 - 3
7 - - - - 0
Total 20 2 2 0 24
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Table 9: Number of young of year walleyes captured in study rivers during May-June 2011 trawl and drift effort.

River
Black Cheboygan Crooked Indian Sturgeon

Week River River Crooked-Pickerel Narrows River River River Total

1 - - - - - - 0

2 - - - - - 1 1

3 15 - - - - 13 28

4 - - - - - - 0

5 - 2 - - - - 2

6 - - - - - - 0
Total 15 2 0 0 0 14 31
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Table 10: Number of young of year walleyes captured in study lakes during April-June 2012 trawl effort.

Lakes

Week BurtLake Crooked Lake Mullett Lake Pickerel Lake Total
1 - - - - 0
2 - - - - 0
3 - 3 - - 3
4 - - - 1 1
5 8 - - 8
6 6 - 2 - 8
7 - - - - 0
8 - - - - 0
9 - - - - 0
10 - - - - 0

Total 14 3 2 1 20
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Table 11: Number of young of year Walleyes captured in study rivers during the April-June 2012 drift effort.

River

Week Black River Sturgeon River Total
1 - - 0
2 - - 0
3 - 2 2
4 13 3 16
5 4 43 47
6 2 - 2
7 - - 0
8 - - 0
9 - - 0
10 - - 0

Total 19 48 67
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Table 12: Observed mean density of common species captured in Burt Lake during spring 2011-2012 ichthyoplankton
sampling efforts

Burbot White Sucker Mottled Sculpin Round Goby Walleye Yellow Perch
Date Mean StdErr Mean  StdErr Mean StdErr Mean StdErr Mean StdErr Mean  StdErr
5/21/2011 26.29 22.08 1.77 1.77 0 0 0 0 29.16 16.71 755.75 357.23
5/24/2011 3.25 2.14 11.13  11.13 1.75 1.75 0 0 1.74 1.74 820.07 426.27
6/05/2011 0 0 257.55 89.78 6.15 294 0 0 1.2 1.2 1271.6 368.77
6/10/2011 0 0 19.58 5.72 1.71 1.71 0 0 0.6 0.6 634.41 138.71
5/08/2012 28.71 7.94 2.3 1.37 0 0 0 0 451 147 957.24 214.11
5/18/2012 1.72 0.95 5043 2121 O 0 0 0 3.78 1.6 1446.2 344.67
5/23/2012 1.8 1.25 243.05 8281 O 0 0 0 0 0 1430.1 281.09
6/01/2012 0 0 30.68 12.6 2.57 257 0 0 0 0 363.05 63.67
6/06/2012 0 0 12.18 6.13 0 0 0 0 0 0 359.31 81.76
6/12/2012 0 0 15.51 7.05 0 0 2648 1755 0 0 154.07 46.07
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Table 13: Observed mean density of common species captured in Crooked Lake during spring 2011-2012 ichthyoplankton
sampling efforts.

Burbot White Sucker Mottled Sculpin Round Goby = Walleye Yellow Perch

Date Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean  StdErr
5/06/2011 0 0 0 0 0 0 0 0 0 0 531.69 152.62
5/16/2011 0 0 0 0 0 0 0 0 1.35 092 1765.6 385.3

6/06/2011 0 0 11.5 115 0 0 0 0 0 0 594 256.54
4/13/2012 0.63 0.63 0 0 0 0 0 0 0 0 231.36 68.35

4/19/2012 0 0 0 0 0 0 0 0 0 0 1379.3 697.48
4/28/2012 0 0 0 0 0 0 0 0 3.71 2.69 900.71 141.41
5/06/2012 0 0 0 0 0 0 0 0 0 0 672.63 140.94
5/14/2012 0 0 1.22 1.22 1.26 1.26 0 0 0 0 666.6 122.64
5/22/2012 0 0 5.25 3.03 0 0 0 0 0 0 2869.5 499.36
5/30/2012 0 0 2,22 2.22 0 0 0 0 0 0 2862.1 730.34
6/04/2012 0 0 3.59 241 0 0 0 0 0 0 1677.1 411.38
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Table 14: Observed mean density of common species captured in Mullett Lake during spring 2011-2012 ichthyoplankton
sampling efforts

Burbot White Sucker Mottled Sculpin Round Goby Walleye Yellow Perch

Date Mean StdErr Mean  StdErr Mean StdErr Mean StdErr Mean StdErr Mean — StdErr
5/22/2011 3.87 3.87 0 0 0 0 0 0 0 0 99.13 29.58

6/02/2011 0 0 690.78 440.18 0 0 0 0 0 0 4273.8 1105.4
6/05/2011 0 0 121.81 63.84 1.02 1.02 0 0 231 1.57 1721.2 501.33
6/13/2011 0 0 118.18 48.03 0 0 0 0 0 0 1231.3 330.16
5/10/2012 1.63 1.12 5.95 3.14 0 0 0 0 0 0 350.26 162.18
5/19/2012 0 0 1644.1 10174 O 0 0 0 1.14 0.79 2973.1 585.27
5/24/2012 0 0 167.17 6157 0 0 0 0 0 0 4249.1 912.5

6/01/2012 0 0 93.83 7445 0 0 0 0 0 0 1116 25242
6/06/2012 0 0 89.35 5211 0 0 0 0 0 0 759.47 108.02
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Table 15: Observed mean density of common species captured in Pickerel Lake during spring 2011-2012 ichthyoplankton
sampling efforts

Burbot White Sucker Mottled Sculpin Round Goby = Walleye Yellow Perch
Date Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean — StdErr
5/07/2011 O 0 0 0 0 0 0 0 0 0 456.55 163.5
5/17/2011 0 0 0 0 0 0 0 0 0 0 319.6 150.39
6/03/2011 0 0 0 0 0 0 0 0 0 0 895.26 415.01
4/14/2012 0 0 0 0 0 0 0 0 0 0 225.34 64.83
4/29/2012 0 0 0 0 0 0 0 0 146 1.46 684.5 131.72
5/09/2012 0 0 0 0 0 0 0 0 0 0 232.72 67.23
5/16/2012 0 0 256 1.73 0 0 0 0 0 0 454.75 73.74
5/21/2012 0 0 0 0 0 0 0 0 0 0 947.07 322.83
5/29/2012 0 0 562 3.89 0 0 0 0 0 0 73195 265.82
6/03/2012 0 0 0 0 0 0 0 0 0 0 176.22 25.14
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Table 16: Observed mean density of common species captured in the Black River during spring 2011-2012 ichthyoplankton
sampling efforts

Burbot White Sucker Mottled Sculpin Round Goby Walleye Yellow Perch
Date Mean StdErr Mean  StdErr Mean StdErr Mean  StdErr Mean StdErr Mean  StdErr
5/08/2011 141 O 0 0 0 0 0 0 0 0 0 0
5/13/2011 0 0 0 0 0 0 0 0 6.61 3.15 291.39 168.01
5/25/2011 O 0 278.33 75,55 0 0 0 0 0 0 437.33 106.31
6/06/2011 0 0 557.43 47797 2.6 2.6 0 0 0 0 178.47 121.72
4/20/2012 12.09 12.09 0 0 0 0 0 0 0 0 1594 9.2
5/07/2012 0 0 0 0 0 0 0 0 10.37 3.05 25.66 4.27
5/15/2012 0 0 2310.4 34049 0 0 0 0 13.67 8.68 4284.2 1316.4
5/21/2012 0 0 13831 67131 0 0 15.14 15.14 90.35 75.35 19951 79259
5/30/2012 0 0 12836 97.19 0 0 0 0 0 0 1437.5 526.21
6/04/2012 0 0 8.21 6.37 0 0 141.13 5157 0 0 78.57 45.12
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Table 17: Observed mean density of common species captured in the Sturgeon River during spring 2011-2012
ichthyoplankton sampling efforts

Burbot White Sucker Mottled Sculpin Round Goby Walleye Yellow Perch
Date Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean StdErr Mean  StdErr
5/10/2011 0 0 0 0 0 0 0 0 865 0 0 0
5/18/2011 0 0 1.43 1.43 0 0 0 0 216 1085 292 1.85
5/26/2011 0 0 485.1 109.69 0 0 0 0 0 0 15.61 5.04
4/27/2012 0 0 0 0 0 0 0 0 8.56 0.02 0 0
5/05/2012 0 0 8.54 3.96 0 0 0 0 891 647 12.26 9.68
5/14/2012 0 0 1560.8 279.53 0 0 0 0 38.33 12.63 93.84 58.33
5/20/2012 0 0 10612 4003.8 2.82 2.82 0 0 0 0 70.3 30.56
5/29/2012 232 2.32 195.66 47.68 4.45 2.95 1.98 1.98 0 0 101.94 41.61
6/03/2012 3.48 3.48 29.58 17.78 1.74 1.74 0 0 0 0 65.51 19.19
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Table 18: Observed mean density of spring larval walleyes during spring 2011-2012
sampling efforts

Density (#/1000m3)

Waterbody 2011 SE 2012 SE
Burt Lake 454 235 148 0.42
Crooked Lake 0.37 0.26 0.51 0.38
Mullett Lake 057 04 0.24 0.17
Pickerel Lake 0 0 0.19 0.19
Black River 2.89 147 24.08 16.39
Sturgeon River 8.64 4.66 1055 3.8
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Table 19: Tukey Post-Hoc HSD output for mean spring age-0 walleye density comparisons
by lake over the 2011-2012 sampling effort. Comparisons significant at the 0.05 level are
indicated by ***,

Waterbody Comparison A 95% Confidence Limits

Burt Lake - Crooked Lake 2.01 0.03 3.99 ok
Burt Lake - Mullett Lake 212  0.26 3.99 ok
Burt Lake - Pickerel Lake 2.33 0.18 4.48 ok
Crooked Lake - Burt Lake -2.01 -3.99 -0.03 ok
Crooked Lake - Mullett Lake 0.12 -1.94 2.17

Crooked Lake - Pickerel Lake 0.32 -2.00 2.64

Mullett Lake - Burt Lake -2.12 -3.99 -0.26 ekok
Mullett Lake - Crooked Lake -0.12 -2.17 1.94

Mullett Lake - Pickerel Lake  0.21 -2.02 2.43

Pickerel Lake - Burt Lake -2.33 -4.48 -0.18 ekok
Pickerel Lake - Crooked Lake -0.32 -2.64 2.00

Pickerel Lake - Mullett Lake  -0.21 -2.43 2.02
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Table 20: Tukey Post-Hoc HSD output for mean spring age-0 walleye density comparisons
by river over the 2011-2012 sampling effort. Means with the same letter are not
significantly different at the 0.05 level.

Tukey Grouping Mean N Waterbody

A 16.38 88 Black River
A 10.04 59 Sturgeon River
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Table 21: Tukey Post-Hoc HSD output for mean spring zooplankton density (all taxa)
comparisons by lake over the 2011-2012 sampling effort. Comparisons significant at the
0.05 level are indicated by ***.

Waterbody Comparison A 95% Confidence Limits
Crooked Lake - Mullett Lake 0.26 -0.08 0.61

Crooked Lake - Pickerel Lake 0.33 -0.05 0.71

Crooked Lake - Burt Lake 0.67 0.35 0.99 Hokk
Mullett Lake - Crooked Lake -0.26 -0.61 0.08

Mullett Lake - Pickerel Lake 0.07 -0.30 0.44

Mullett Lake - Burt Lake 0.41 0.10 0.71 Hokk
Pickerel Lake - Crooked Lake -0.33 -0.71 0.05

Pickerel Lake - Mullett Lake -0.07 -0.44 0.30

Pickerel Lake - Burt Lake 0.34 0.00 0.68 rokk
Burt Lake - Crooked Lake -0.67 -0.99 -0.35 rokk
Burt Lake - Mullett Lake -0.41 -0.71 -0.10 Hokk
Burt Lake - Pickerel Lake -0.34 -0.68 0.00 rokk
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Table 22: Tukey Post-Hoc HSD output for mean large-bodied spring zooplankton density
comparisons by lake over the 2011-2012 sampling effort. Comparisons significant at the
0.05 level are indicated by ***.

Waterbody Comparison A Simultaneous 95% Confidence Limits
Burt Lake - Crooked Lake 0.82 0.21 1.44 kK
Burt Lake - Pickerel Lake 0.83 0.16 1.50 kK
Burt Lake — Mullett Lake 1.41 0.81 2.02 Hokk
Crooked Lake - Burt Lake -0.82 -1.44 -0.21 kK
Crooked Lake - Pickerel Lake 0.00 -0.73 0.74

Crooked Lake - Mullett Lake 0.59 -0.09 1.27

Pickerel Lake - Burt Lake -0.83 -1.50 -0.16 kK
Pickerel Lake - Crooked Lake 0.00 -0.74 0.73

Pickerel Lake - Mullett Lake 0.59 -0.14 1.31

Mullett Lake - Burt Lake -1.41 -2.02 -0.81 Hokk
Mullett Lake - Crooked Lake -0.59 -1.27 0.09

Mullett Lake - Pickerel Lake -0.59 -1.31 0.14
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Table 23: Results of Tukey HSD Post-Hoc test comparing mean zooplankter length by
waterbody. Comparisons significant at the 0.05 level are indicated by ***.

Waterbody Comparison A Simultaneous 95% Confidence Limits
Crooked Lake-Burt Lake 0.02 0.00 0.03 *kk
Crooked Lake-Pickerel Lake 0.03 0.02 0.04 ok
Crooked Lake-Mullett Lake 0.05 0.04 0.07 Hokk
Burt Lake-Crooked lake -0.02 -0.03 0.00 ok
Burt Lake-Pickerel Lake 0.01 0.00 0.03

Burt Lake- Mullett Lake 0.04 0.02 0.05 otk
Pickerel Lake- Crooked Lake -0.03 -0.04 -0.02 ok
Pickerel Lake-Burt Lake -0.01 -0.03 0.00

Pickerel Lake-Mullett Lake 0.03 0.01 0.04 ook
Mullett Lake-Crooked Lake -0.05 -0.07 -0.04 ok
Mullett Lake-Burt Lake -0.04 -0.05 -0.02 ook
Mullett Lake-Pickerel Lake -0.03 -0.04 -0.01 ok
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Table 24: Observed mean density (#/L) of large-bodied zooplankton taxa by waterbody
and year.

Density (#/L)

Waterbody 2011 SE 2012 SE
Burt Lake 1.41 0.35 2.00 0.26
Crooked Lake 0.34 0.06 1.37 0.26
Mullett Lake 0.17 0.04 0.50 0.07
Pickerel Lake 0.66 0.20 1.12 0.17
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Table 25: Observed mean length (mm) of zooplankton community by waterbody, averaged
over the 2011-2012 sampling effort

Length (mm)

Lake Mean SE

Burt Lake 0.48 0.02
Crooked Lake 0.50 0.03
Mullett lake 044 0.02
Pickerel Lake 0.47 0.03
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Table 26: Secchi and Chlorophyll-a trends in the waterway from 1986-2010. Data from The Tip of the Mitt Watershed Council.

Burt Lake Crooked Lake Mullett Lake Pickerel Lake

Year Secchi (m) Chl-Avg (PPB) Secchi (m) Chl-Avg (PPB) Secchi (m) Chl-Avg (PPB) Secchi(m) Chl-Avg (PPB)
1986 2.28 2.43

1987 2.65 3.79 2.12

1988 2.32 3.58 2.42

1989 3.24 3.88 2.87

1990 2.86 3.29 4.10 1.40 3.87 1.16 2.67 2.29
1991 3.11 4.39 3.05 1.00 3.54 1.00 2.26

1992 3.28 1.66 4.11 0.63 3.17 1.27 2.61 0.70
1993 6.42 0.86 2.20 4.15 0.91 2.05

1994 3.77 0.63 3.44 1.57 3.46 1.22 2.39 0.60
1995 4.85 0.96 2.21 2.40 2.44 1.63
1996 4.50 1.42 3.96 1.74 2.90 1.35 2.53 1.12
1997 4.60 1.13 3.11 3.52 0.84 3.13 0.28
1998 3.98 1.84 3.27 1.81 4.15 0.92 2.63 0.84
1999 4.78 0.80 3.28 2.28 5.23 0.89 2.82 0.77
2000 4.57 1.05 3.00 4.43 0.93 3.14 0.76
2001 5.18 0.90 2.69 2.50 5.33 0.45 291 1.55
2002 6.34 1.07 3.35 1.52 5.06 3.16 1.09
2003 5.79 1.08 3.08 2.26 5.40 0.58 3.20 0.65
2004 6.10 0.80 3.35 5.33 0.48 3.14 0.86
2005 5.12 1.05 3.49 1.75 5.08 0.53 2.49 0.60
2006 5.33 0.96 2.66 3.14 5.12 0.67 3.44 1.87
2007 5.60 0.98 3.23 2.84 5.13 0.63 3.92 1.12
2008 4.92 1.03 3.54 1.67 5.17 0.21 3.04 1.38
2009 5.44 1.02 2.43 4.72 0.41 3.09 1.94
2010 5.00 2.90 2.80 2.73 2.02
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Figure 14: Regression of mean spring mixed-zooplankton community density and fall age-0 walleye catch per mile by lake and
year (r=0.45, p>0.05).
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Figure 15: A regression of spring age-0 yellow perch density and fall age-0 walleye catch per mile by lake and year (r2=0.07,
p>0.05).
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Figure 16: Regression of spring age-0 yellow perch and spring age-0 walleye density by lake and year (r2=0.02, p>0.05).
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Figure 17: Regression of spring mixed-zooplankton community density and spring age-0 walleye density by lake and year
(r2=0.34, p>0.05).
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Figure 18: Regression of spring large-bodied zooplankton density and spring age-0 walleye density by lake and year (r=0.23,
p>0.05).
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