A COMPARATIVE STUDY OF THE SEASONAL ENERGY DYNAMICS
‘ OF THE CISCO, COREGONUS ARTEDII,
IN THREE MINNESOTA LAKES

A THESIS
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL
OF THE UNIVERSITY OF MINNESOTA
BY

THEODORE NORMAN HALPERN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

JULY, 1990



© Theodore Norman Halpern 1990

AL.ooxd



TABLE OF CONTENTS

ACKNOWIEAZMENES .oooeeeeeeeeeeeeee e eemeememeemseee oo iii
List OF FIGUIES wovorooeeeeereceesmenseeeesssseeeees e vi
INEOQUCHON ... rveresecereeeeesesaseeeeeee oo eoeeoeoeoeoeeeeeee 1
Chapter 1. Characterization of Lake Habitats ... 10
L1, INrOQUCHON «.ceuveeeeeereeeeeeee e 10
1.2, MEthOdS  .eueeeeeeeeeeeeeeeeceeeee e 10
1.2.1. MOrphOmetry ..........cceeeeeemeeesrerrerennn. 10

1.2.2. Physical and Chemical
, Characteristics ..mewmmmmemeeeeeon, 12
1.3, RESUILS oot eoeoeeoeoeeo 14
1.3.1. MOrphOmMEtry ........ccoveeeeeerererreoseeon, 14

1.3.2. Physical and Chemical
Characteristics ........eeoeeomreereressrnnn.. 16
1.4. DISCUSSION wecvurrrunrenieeneemeeeesees oo 20
Chapter 2. Vertical Distribution .............oovvvoeeooooooooooooooo 31
2.1. INrOAUCHON «..ovvereenreeeeeeeeeeeee e 31
2.2, MEthOAS  ooeeeeeeeeeeeeeeeeeeeeeeeeee e 33
L T N O 34
2.4. DISCUSSION ceurrrverrrrenreereeeneeeseressseeeseeeoeeoeoeoeoeeoeoosn 36
Chapter 3. Size and Age COmPpPOSItion .eueveeceeeeeeeeeeeeeeeseesen, 45
3.1, INtrOAUCHON cuuververeeseeeee e 45
3.2. MELhOAS  cooereveveenneeeeeeeeeeeeeeeseee oo 46
3.2.1. Fish ColleCtion ......oowweoeoveoeomovosiooo, 46
3.2.2. Length-Frequency Distribution ........ 50
3.2.3. Age Determination .................ooooooooovnn 50
3.3 RESUILS woveeeeeeeeeeueneeeeeeeeeeee e 52
3.3.1. Length-Frequency Distribution ........ 52
3.3.2. Age Determination ......................... tennaes 53
3.4 DISCUSSION c.evrvrrrrrerereereeereeseeesessee oo 58
3.4.1. Length-Frequency Distribution ........ 58
3.4.2. Age Determination .................oooooooonn.. 59

3.4.3. Growth in Length ..o 60



ii

Chapter 4. Seasonal Patterns of Energy Accumulation and

Depletion in Tissues and Organs ...................... 67
4.1. INrodUCHION ..cecevrvrrerereeeerererceerescaeeeesseseeeseene e s 67
4.2. MEthOAS et ssssssssesseeeseesenns 68
4.2.1. Fish ColleCtion ........cccecveeeeecseceeeeennes 68
4.2.2. Selection of Fish for Tissue .
ANALYSIS ceeoveerereerrneerereceereeeeeree et 68
4.2.3. Tissue AnalysiS .....coeeveeeeeeeeseeeessennes 70
4.2.4. Data ANalySiS ...eeeeeeveeencereenneeeennns 73
4.3, RESUILS ettt seee s ssesessessesasensesenns 76
4.3.1. LIVET oot sese e sseeesseees 76
4.3.2. GONAQ vttt ens 36
4.3.3. Digestive Tract .....ceceveeeeeeeeeeeeeeeeeeeeeeeennnns 98
4.3.4. CaICASS .ovcerrermrrerrerrersersessessesssssssessssnssnees 109
4.3.5. Muscle and Ventral Fat .................... 117
4.4, DISCUSSION c.uveeueurrrenrrrreressesercsesscsssessssseesasessesessssas 123
4.4 1. LAVET vt snesesseeeesessesens 123
4.4.2. Gonad ......ceueeercreereercennee eeeeseeneranneeanas 127
4.4.3. Energy Storage Tissues: The Diges-
tive Tract and Carcass ... 136
Chapter 5. CONCIUSION cuuveeeveereeceeceeeeeeeeeeeeeessscessesssesssesssees s 192
5.1. The Growth of Ciscos in the Three Study
LaKES ...oueeeeeeneenresieneennres e sseses e sassnens 192
5.2. Seasonal Cycles of Energy Accumulation and
DEPIEION ...ucuvueerrrrerrerererrerererccesneeans 202
5.3. Seasonal Cycles and Reproduction ............... 207
SUMMATY ettt seseeeeseeesssess e 218
LIterature  CIted ....comvecvemueeermemseesrsessscesseseseeesesssssssssssssssssees s soes s 226



1ii

ACKNOWLEDGMENTS

I am indebted to my advisor, Professor James C. Underhill
for many reasons. He first stimulated my interest in studying
ciscos, and his insights regarding the evolution of fishes and their
adaptation to lake environments were crucial to the development
of this investigation. His continuous support, encouragement and
patience were invaluable.

Professor William Schmid has worked closely with me since
the inception of this project and has provided critical advice on
Mmany aspects of this thesis. I obtained my background in
physiology from him, and this led me to consider metabolic
adaptations in fish. He assisted in numerous ways and graciously
loaned me equipment.

I wish to thank Professor George Spangler, the third reader
on my thesis committee, for advice on various aspects of this
project and for his helpful criticism of the thesis. I first became
interested in fish production biology through the teaching of
Professor Thomas Waters, and Professor David Merrell was
responsible for stimulating my interest in the process of
adaptation.  Both provided thoughtful criticism of this work.

I am thankful for many discussions about ciscos and fish in
general with my colleague and friend, Professor Jay Hatch. He
assisted me in the field on several crucial occasions, and his

éncouragement throughout the study is greatly appreciated.



iv

In many ways, Warren Goss was responsible fdr the
development of this thesis. The 'stunted cisco population of Ten
Mile Lake was first brought to our attention by him. His interest
in these fish and in the lake, and his enthusiasm for studying
them were important sources of inspiration, and his unfailing
help in the field, often under very adverse conditions, is greatly
appreciated. He and his wife, Marie, provided a place to work and
lodge at Ten Mile Lake, and I am grateful for the hospitality they
offered and for their friendship.

Barbara Galdames hag been a special friend, and my
favorite field assistant, through the course of this work. I am
thankful for her constant encouragement and understanding. She
and her children, Andrea and Seb, have enriched these years of
my life.

I thank Deacon and Pat Larson for the gracious hospitality
and friendship they have shown me. They also helped in the
attempt to estimate the abundance of the ciscos in Ten Mile Lake.
Also assisting in this effort were Bill and Becky Macklin, Paul and
Ruth Osborne, Dan and Norma Mullendore, Earl and Natalie Holle,
and Bob and Ellie Nelson. Ted Kolderie and Buzz Converse kindly
permitted us to use their beaches for this endeavor.

During the winter, Curt Madison and Dale Lowry helped
with sampling at Ten Mile Lake. James Johnson also assisted on

several occasions.



v

I would like to thank the staff at the University of
Minnesota Biological Station at 'Lake Itasca for the many ways
they assisted me in my research. David Bosanko and Jon Ross
often helped with field work, and Dan Traun provided important
logistic support. Doug Thompson helped with the construction of
equipment and Leroy Thompson assisted in the field during the
winter months.

I owe a special debt of gratitude to Professor Eugenia Davis,
whose timely loan of a calorimeter kept this project going. Larry
Stradal constructed a transducer for the calorimeter, which
greatly facilitated the processing of samples. Professor Richard
Phillips generously permitted me to use his laboratory and
Professor Patrice Morrow allowed me to store fish in her freezer.

This research was made possible through funding from
several sources. I received grants from the Dayton Natural
History Fund, the Minnesota Zoological Society, and Sigma Xi, and
Lake Itasca Research Stipends during the several years that I
worked there. I was also supported by a University of Minnesota
Doctoral Dissertation Fellowship, two Alexander P. and Lydia
Anderson Fellowships, a Sigerfoos Fellowship and two Wilkie
Fellowships for Natural History.

Finally, I would like to thank my parents, Dan and Lynn, for

their love, support and encouragement.



vi

LIST OF FIGURES

Figures are presented at the end of the chapter in which they are
discussed. The first number for each figure refers to the chapter
in which they appear. Note that the titles of Figs. 4.1.-4.33 have
been abbreviated. However, the essential information is provided.
These figures all show the seasonal changes of variables in tissues
of adult and juvenile ciscos, as indicated.

Fig. No. Page
1.1 Map of Lake IaSCa .ooowromseeosooo 25
1:2. Map Of EIK LAKE oo 26
1.3, Map of Ten Mile LaKe .o 27
1.4.  Temperature and Oxygen Profiles of Lake Itasca ........... 28
1.5. Temperature and Oxygen Profiles of Elk Lake ... 29
1.6. Temperature and Oxygen Profiles of Ten Mile Lake ... 30
2.1.  Vertical Distribution of Ciscos in Elk Lake .o 43
2.2, Vertical Distribution of Ciscos in Ten Mile Lake ............... 44
3.1. Length-Frequency Distributions of Lake Itasca Ciscos ... 62
3.2. Length-Frequency Distributions of Elk Lake Ciscos ......... 63
3.3.  Comparison of Age Determination Methods for Ten Mile

: LaKE CISCOS vt 64
3.4.  Growth in Standard Length of Juvenile (Age I) Ciscos ... 65
3.5. Growth in Standard Length of Adult CiScO§ wvuvrnnrn 66
4.1 Liver Wet Weight, AUILs, ......oommmmrmnnor 156
4.2.  Liver Dry Weight, AdUlts ..o 157
4.3. Liver Energy Content, AQults ..ooovvvorooe 158
4.4.  Liver Energy Density in kJ g-1 Wet Weight, Adults ...... 159
4.5. Liver Energy Content, Juveniles .o 160
4.6.  Liver Energy Density in kJ g-1 Wet Weight, Juveniles 161
4.7. Gonad Wet Weight, AQItS ... 162
4.8. Gonad Dry Weight, AdUlts oo 163
4.9. " Gonad Energy Content, Adults .oovoeoeeo 164
4.10. Gonad Energy Density in kJ gl Wet Weight, Adults ... 165
4.11. Gonad Energy Density in kJ gl Dry Weight, Adults ...... 166
4.12. Gonad Dry Weight, Juveniles ... 167

4.13. Gonad Energy Density in kJ g-1 Wet Weight, Juveniles 168



4.14. Digestive Tract Wet Weight, AdultS ..o 169
4.15. Digestive Tract Dry Weight, AdultS ..oooooovooooooo 170
4.16. Digestive Tract Energy Content, Adults .o 171
4.17. Digestive Tract Energy Density in kJ g-l Wet Weight,

T L 172
4.18. Digestive Tract Per Cent Water, Adults ... 173
4.19. Digestive Tract Energy Content, Juveniles ...................... 174
4.20. Digestive Tract Energy Density in kJ g-1 Wet Weight,

JUVENIIES oooerreseereerseree s 175
4.21. Carcass Wet Weight, AQULLS ....cvrveveeeeeeeeeeeeeoo 176
4.22. Carcass Dry Weight, AdULLS ..ce.ceurveeeeeeeeeeeeeeoooo 177
4.23. Carcass Energy Content, AdUILS .........eeoeeeeeeeereereoo 178
4.24. Carcass Energy Density in kJ g-1 Wet Weight, Adults .. 179
4.25. Carcass Energy Density in kJ g-1 Dry Weight, Adults ... 180
4.26. Carcass Dry Weight, JUVENiles .....weoovoemmoooooooooooooo 181
4.27. Carcass Energy Density in kJ g1 Wet Weight,

JUVENIIES oo 182
4.28. Carcass Energy Density in kJ g-1 Dry Weight,

JUVERIIES ..ot eeoss s 183
4.29. Muscle Energy Density in kJ g-1 Wet Weight, Adults .... 184
4.30. Muscle Energy Density in kJ g-1 Dry Weight, Adults ..... 185
4.31. Ventral Fat Deposit Energy Content of Adult Ciscos ... 186
4.32. Ventral Fat Deposit Energy Density in kJ g-1 Wet

Weight, AUIES oo 187
4.33. Ventral Fat Deposit Energy Density in kJ g-1 Dry

Weight, AQUIES w.ovveeeeeeeeeeeeeeeereeeeoeoeeeeoeooooooooooo 188
4.34. Mean Net Change in Energy Content of Gonad, Digestive

4.35.

4.36.

Tract and Carcass of Ciscos from Elk Lake from May

to December, 1984 ... 189
Mean Net Change in Energy Content of Gonad, Digestive
Tract and Carcass of Ciscos from Ten Mile Lake from

May to December, 1984 ....oooeoovooemoo 190
Mean Net Change in Energy Content of Gonad, Digestive
Tract and Carcass of Ciscos from Lake Itasca from

May to December, 1984 ..o 191




INTRODUCTION

This investigation is a comparison of the seasonal cycles of
storage and depletion of energy reserves and the allocation of
Tesources to growth and reproduction in three populations of the
cisco, Coregonus artedii.

The cisco is a member of the subfamily Coregoninae within
the family Salmonidae. Coregonines inhabit a wide variety of
habitats in north-temperate latitudes, on the Eurasian and North
American continents. The cisco- is widely distributed in lakes in
the northern United States and Canada. Ciscos are found in
habitats ranging from oligotrophic to eutrophic waters, and,
although primarily a freshwater fish, may enter coastal waters.
Ciscos are generally considered to be planktivores, although they
will feed on bottom organisms as well as on items at the water
surface, such as winged terrestrial insects, Like many species of
fish, they are opportunistic feeders. They may form large
aggregations prior to spawning, which takes place in late autumn,
in November or December. Some populations are anadromous,
migrating up rivers to spawn. The eggs hatch in the spring.

Coregonines as a group, and the cisco in particular, are quite
variable in morphometry (Koelz, 1929; Hile, 1937), growth, and
life history characteristics (Scott and Crossman, 1973). This study
began as an attempt to understand the reasons for the extreme

stunting in the of cisco population of Ten Mile Lake and to
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investigate the relationship of the slow growth of these fish to
certain life history characteristiés of this population differed
from other populations in the region. Several years before the
present study was initiated, my advisor, Professor James C.
Underhill, and Merle Johnson of the Minnesota Department of
Natural Resources transplantated ciscos from Ten Mile Lake to
several lakes that had beeﬁ reclaimed for stocking with stream
trout. In these lakes, the growth of the ciscos was markedly
improved, indicating that the cause of stunting was primarily due
to environmental conditions that existed in Ten Mile Lake
(Underhill, unpublished data; Johnson and Strand, date unknown).
Among the differences in life history characteristics noted in the
Ten Mile Lake ciscos was the éarlier time of spawning. In this
lake, the ciscos spawn in late October and early November, nearly
one month earlier than in other populations. Further, it was
believed that they matured at an earlier age and had a shorter
lifespan than other ciscos.

Growth is especially important in fishes since many life
history characteristics are directly related to size. Increased size
is usually associated with increased fecundity (Bagenal, 1966),
generally as a power function (Roff, 1983). Mortality due to
predation may decrease with size, resulting in greater longevity,
and the age at first maturity is usually, to some extent,
determined by size. Thus, the growth rate has direct

consequences on fitness (Calow, 1985). The primary impact of



environmental conditions is assumed to be on the growth rate
(Stearns and Crandall, 1984), which then affects these life history
traits.

Unlike higher vertebrates, growth in fishes is
indeterminate, and is responsive to environmental conditions.
Among fishes, large intraspecific differences in the growth rate
u-nder natural conditions are common and numerous (Weatherley
and Gill, 1987). Fish growth can usually be adequately described
by asymptotic curves (Ricker, 1979). Thus, the response of
growth to altered conditions may be seen as the ability of fishes
to approach different asymptotic sizes (Sebens, 1987). This
plasticity of fish growth represents a sensitivity of anabolic
processes to environmental conditions, especially food and
temperature (Caswell, 1983). The wide range of phenotypic
expression may stem from an evolutionary experience of
fluctuating environments (Mann et al., 1984). This metabolic
plasticity is considered to be a trait under natural selection
(Stearns and Koella, 1986).

The energy intake of any organism must first meet the
maintenance costs of the organism. Above this minimum, surplus
energy may be used for growth or reproduction. The allocation of
resources to these competing processes is the mechanism that
underlies life history differences. This has been most clearly
demonstrated By examples of species that undergo migrations.

Iteroparous species or populations allocate less stored energy to
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reproduction than do semelparous ohes (Glebe and Leggett,
1981). The effects of differing environmental conditions on the
pattern of allocation in non-migrating species has also received
attention. Most often, improvement of environmental conditions
has resulted in both increased growth and fecundity, and a
decrease in the age at first maturity (Hester, 1964; Bagenal, 1969:
'Hislop, 1978; Mann and Mills, 1979; Mann et al, 1984; Wooton,
1979,1984; Deacon and Keast, 1987).

The pattern of allocation of resources to growth and
reproduction may be obscured by seasonal cycles of energy
storage and depletion. These cycles arise because growth and
reproduction do not always coincide with periods of abundant
resources. Hence, they are often linked to these periods by cycles
of energy storage (Pianka, 1976). There have been many studies
of such cycles, and their relationship to growth and reproduction.
These are discussed in detail later, in appropriate sections.
However, intraspecific comparisons of the effects of habitat
differences on these cycles, and on their consequences for the
allocation of resources, are raré. Where data for more than one
population of a species exist, descriptions of important
environmental variabies are incomplete or lacking. The study by
Diana (1983) on northern pike popuiations is a rare exception.
Furthermore, in most studies of cycles of energy storage, the fish
is divided into two Compartments, somatic and gonadal. The

failure to isolate or include various organs or tissues which may
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participate in these cycles can obscure details of the processes
involved in energy allocation. |

The description of seasonal energy cycles in various tissues
and organs, and a comparison of the cycles in fish that live in
different environmental conditions, could lead to a better
understanding of the details of the process of allocation, the
mechanisms underlying this process, and of the relationship
between this process and the environment. In order to determine
the range of phenotypic response of the pattern of energy
allocation in the cisco, three populations, whose members
exhibited very different growth rates, were chosen for study. The
maximum sizes achieved by fish in the different populations span
the range observed for ciscos.

In the stunted population of Ten Mile Lake, fish reach a
maximum standard length of approximately 125 mm and a
weight of 20 g (for ripe females) To my knowledge, this
represents the smallest size reported for ciscos. At the other
extreme are the fish of Lake Itasca. In this lake, fish reach
lengths in excess of 370 mm and weights of 1500 g. This is larger
than fish commonly caught in inland lakes of the region, although
fish of similar in size have been reported in the Great Lakes, and
are common in the Prairie Provinces of Canada (Scott and
Crossman, 1973). The fish of the third lake, Elk Lake are of an

intermediate size, reaching approximately 310 mm in length and



a weights of 530 g. Ciscos of this size are commonly encountered
in the region.

The purpose of this study is to investigate the influence of
the environmental conditions that result in these widely varying
growth rates on the seasonal cycles of energy storage and and on
the allocation of secondary production to growth and
reproduction. Several questions are addressed in this work.
Among these, the first are descriptive, and involve the
determination of the nature of the seasonal cycle of energy
accumulation and depletion in the cisco, the identification of the
organs and tissues involved in the temporary storage of energy,
and whether there are differences in the patterns of utilization of
different energy depots.

Related to these are questions concerned with the effects of
environmental variables on the seasonal cycles; whether the
cycles persist in their general form under varying conditions, or
how their expression is modified by these conditions. One might
speculate that they might ‘not persist when the growth rate is
either greatly reduced or very high. When the growth rate is very
low, it could be hypothesized that whatever resources are
available should be allocated directly into growth or reproduction,
since there are costs associated with energy storage. The
formation of energy reserves takes place at the expense of other
synthetic processes, such as protein deposition and the building of

skeletal materials. There are also costs associated with losses



during energy transformations that occur during the deposition of
reserves and again during the mobilization of these reserves.
These costs may be manifested as functions of decreased growth,
namely, decreased future fecundity, and increased mortality. On
the other hand, when resources are abundant, leading to rapid
growth, one might expect the appearance of seasonal cycles to be
swamped out, with storage tissues being maintained at maximum
levels by excess rations. Phenomena such as this have been
observed in some populations of Arctic char (Matsuk and Lapin,
1972) and brook trout (Nelson and MacPherson, 1987). These
then, are questions regarding the adaptive value of the cycles
themselves. |

A comparative approach may also provide some of the
details of the process of allocation, and whether .the pattern of
allocation of stored reserves to maintenance, growth and
reproduction differs in fish from habitats with greatly different
productivity. Of special importance is the question of how the
annual allocation to reproduction is affected by environmental
conditions, and how differences in allocation are mediated. The
study of the status of energy reserves will show whether, when
ciscos are limited by resources or environmental stress, somatic
tissue is sacrificed in order to produce gonads, as in the
stickleback Gasterosteus aculeatus (Wooton, 1985), or whether,
growth or maintenance is favored and reproduction in limited or

curtailed, as in the winter flounder, Pseudopleuronectes



americanus (Tyler and Dunn, 1976). Further, this type of study
can reveal the consequences of these alternatives. For example,
by looking at the energy content of somatic tissues, it is possible
to discern whether slow-growing fish suffer extreme depletion as
a result of reproductive investment that may lead to post-
spawning or overwinter mortality, thereby decreasing longevity.
This study will provide insight into how the cisco resolves trade-
offs between reproduction and growth.

The habitat conditions that presumably result in the
observed differences of growth rate are presented in two
chapters. Descriptions of the study lakes follow in Chapter 1.
Included are several measures of lake productivity as indices of
resource levels. Chapter 2 concerns the vertical distribution of the
fish in each lake throughout the year. The seasonal thermal
history of the fish, as well as possible limitations caused by low
OXygen concentrations may be deduced from this information. In
Chapter 3, the age and size of fish from the study populations are
discussed. The major part of this endeavor, the comparison of
seasonal changes in energy in four compartments, of both mature
and juvenile fish from the three lakes, is treated in Chapter 4.
Differences in the timing and magnitude of the cycles are
described, and an attempt is made to discern the extent to which
the cycles are innate, and to what extent they are modified by
environmental constraints or those imposed by reproduction. The

allocation of energy to growth and reproduction is considered in
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relation to these cycles and to the growth rate. In the final

chapter, Chapter 5, the significance of these findings is discussed.
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CHAPTER 1. CHARACTERIZATION OF LAKE HABITATS

1.1. INTRODUCTION:

The three lakes were chosen for study primarily because of
the large differences in growth patterns exhibited by their
resident cisco populations. Further, they are in relatively close
proximity to one another, which minimizes latitudinal effects,
especially major seasonal differences in temperature regimes,
which on a global scale are the most important determinants of
lake primary productivity (Brylinski and Mann, 1973) and fish
production (Schlesinger and Regier, 1982). Logistical considera-
tions were also important.

Various physical and chemical aspects of the three study
lakes were investigated in order to describe the habitat available
to the ciscos, and to provide a general characterization of lake

productivity.

1.2. METHODS:
1.2.1. MORPHOMETRY:

Morphometric measurements were derived from
bathymetric maps prepared by the Minnesota Department of
Natural Resources. Measurements were converted to metric units

(Hodgman, et al.,, 1959).
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Lake surface area (A) was determined as the mean of three
tracings using an Ott Compensatihg Polar Planimeter. The volume
(V) of each lake was determined by first determining the area of
each depth contour. The volume of each stratum was then

calculated according to the formula:

h
V = 5 (A1+A2+\/A1A2 )

where h is the vertical depth of the stratum, A7 is the area of the
upper surface of the stratum and Ap is the area of lower surface
of the stratum. The total lake volume was then determined by
suinming the volumes of the individual strata ( Welch, 1948;
Wetzel and Likens, 1979). Mean depth (z) was calculated as the
total volume (V) of the lake divided by the area (A). The length of
shoreline (SL) was determined using a map measurer. The
shoreline development (Dr) was calculated as the ratio of the
length of the shore line (SL) to the length of the circumference of

a circle with an area equal to that of the lake:

SL
2\/ TAQ

Dy, =




12
1.2.2. PHYSICAL AND CHEMICAL CHARACTERISTICS:

Limnological measurements were made and water samples
were collected and analyzed on each of the three lakes at
approximately monthly intervals. For convenience, these were
scheduled to coincide with the collection of fish samples. Lakes
were sampled in the same order each month in order to maintain

equal intervals between sampling dates.

TEMPERATURE, DISSOLVED OXYGEN AND TRANSPARENCY:

Profiles of temperature and dissolved oxygen content were
made in the deepest part of each lake using a YSI Model 57
Dissolved Oxygen Meter. The meter was calibrated for oxygen
concentration each month by comparing values obtained for test
samples using the meter with values obtained from standard
Winkler titrations as described in the manufacturer's manual.

Transparency, measured with a standard 20-cm diameter
Secchi disc, was estimated as the mean of the depths at which the
disc disappeared and reappeared upon raising after it had been

lowered beyond visability (Wetzel and Likens, 1978).

OTHER CHEMICAL PROPERTIES:

Water samples were collected monthly during the ice-free
season.  Vertically integrated samples of the water column were
collected with 1.27 cm (ID.) plastic tubing at three sites near the

deepest part of each lake. During lake turnover, the water column
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was sampled to a depth of 10 m. and during the period of lake
stratification, water was collected from the epilimnion, or mixed
layer. The three samples were then mixed in a bucket. Part of this
pooled sample was then filtered through Gelman type A/E glass
fiber filters. The filtrate was used for analysis of pH, conductivity,
alkalinity and total dissolved residues and the filters were used
for chlorophyll « analysis. Unfiltered water was used for
determinations of total phosphorous, and total nitrogen. When
laboratory analysis could not be performed immediately (total
phosphorous, total nitrogen and chlorophyll a) samples were
frozen with dry ice and placed in a freezer at -24 °C.

Prior to determination of PH and specific conductance water
samples were allowed to equilibrate to room temperature.
Conductivity (in pmhos) was then measured with a Labline Lectro
mhoMeter (Model MC-1, Mark IV ) conductivity meter and pH
was measured with an Orion Digital Ion Analyzer (Research Model
601A).

Total alkalinity was determined by titration of 50 milliliter
(ml) samples with 0.02 N sulfuric acid, using a mixed indicator of
bromcresol green and methyl red. Results are expressed as parts
per million (ppm) CaCOs.

Total dissolved residues (TDR) was determined for 200 ml
samples of filtered water. Samples were evaporated from pre-
combusted and tared porcelain evaporating dishes at 105 °C

(American Public Health Association, 1981). Results are presented
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as milligrams per liter (mg 1-1). Total phosphorous (TP) was
determined according to the aséorbic acid procedure following
oxidation with potassium persulfate (American Public Health
Association, et al., 1981). 100 ml samples were analyzed
spectrophotometrically at 885 nm with a Bausch and Lomb
Spectronic 70 Spectrophotometer. Results are expressed as
micrograms phosphate-phosphorous per liter (ug I-1). Total
nitrogen (TN) was determined by the cadmium reduction method
following digestion with potassium persulphate (American Public
Health Association, er al., 1981) using samples collected during
lake mixing. This analysis was performed by Dr. Naomi
Detenbeck.

Chlorophyll a was extracted from filters with methanol and
absorbance measured at 665 nm using a Bausch and Lomb
Spectronic 70 spectrophotometer, according to the procedure of
Holm-Hansen and Reimann (1978). The mean of three replicates
for each sample is given as [Lg chlor a I-l.

Figures for this chapter are presented beginning on page 25.

1.3. RESULTS:
1.3.1. MORPHOMETRY:

Lake Itasca (47°13'20" N., 95°11'55" W) and Elk Lake
(47°11'20" N., 95°13'45" W) are located within Itasca State Park
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in north-central Minnesota. Lake Itasca is the source of the
Mississippi River and Elk Lake flows into Lake Itasca via its
outlet, Chambers Creek. Ten Mile Lake (46°58'10" N., 94°3426"
W) also contributes to the Upper Mississippi River, mainly
through its outlet, the Boy River.

Morphometric features of the three study lakes are
summarized in Table 1.1.

Lake Itasca is an irregularly shaped lake consisting of three
narrow arms (Fig. 1.1). Thus, although the maximum dimensions
are relatively large, the three areas may remain somewhat
distinct, as its configuration may limit the effects of wind on
mixing. The maximum depth of 13.72 m occurs in the Peace Pipe
Vista area, to the north of the East Arm. The maximum depth in
each of the three arms of the lake is approximately 10 m. The
littoral area, is extensive comprising approximately 40 per cent of
the total surface area of the lake.

Elk Lake is a smaller, deeper, subcircular lake (Fig. 1.2),
with a surface area one-fourth and a mean depth nearly twice as
large as that of Lake Itasca. The volume is approximately half
that of the latter. The littoral area is approximately 27 per cent of
the total area.

The main body of Ten Mile Lake is roughly subcircular in
form, although the presence of several small bays contributes to
its somewhat irregular outline (Fig. 1.3). The mean depth of 16.03

m is approximately three times that of Lake Itasca, and the mean
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depth of the main body of the lake (excluding three shallow bays
with depths under 3 m) is 17.11 m. The littoral area is
approximately 20 per cent of the total surface area, including the
shallow bays.

The volumes of individual depth strata for the three lakes

are given in Appendix A.l.

Table 1.1. Morphometric Characteristics of Study Lakes

Lake Itasca Elk Lake Ten Mile Lake

Area (hectares) 448 110 1928
Volume (m3 X 107) 2.36 1.08 30.9
Mean Depth (m) 5.26 9.78 16.03
Max. Depth (m) 13.72 29.57 62.79
Max. Length (km) 6.02 1.71 8.17
Max. Breadth (km) 2.67 0.98 3.22
Shoreline (km) 21.95 4.71 33.86
Shoreline 2.92 1.27 2.17
. Development

1.3.2. PHYSICAL AND CHEMICAL CHARACTERISTICS:

Temperature and dissolved oxygen profiles for the entire
period of study are given in Appendices A.2-A.7. Representative

profiles are shown graphically in Figs. 1.4 - 1.6.
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Dissolved oxygen profiles for Lake Itasca (Fig. 1.4) during
summer stratification were baéically clinograde (Aberg and
Rodhe, 1942; cited in Wetzel, 1983). The metalimnion formed at a
shallow depth in Lake Itasca and during summer stratification, its
upper boundary was at 4 to 5 m. The hypolimnion became anoxic.
Also notable was the depletion of oxygen in the deeper water of
Lake Itasca during the winter. This depletion may occur rapidly
following ice formation, as can be observed in the profile from
December, 1984. In Lake Itasca, spring mixis occurred during
May of 1984 and autumnal circulation occurred in the latter half
of September in both years.

Oxygen profiles of Elk Lake (Fig. 1.5) were of the clinograde
or positive heterograde type with a maximum oxygen
concentration in the metalimnion in mid-summer (Aberg and
Rodhe, 1942; cited in Wetzel, 1983). The upper boundary of the
metalimnion formed at approximately 4 to 5 m, but the
temperature gradient was not as steep as in Lake Itasca. The
hypolimnion became anoxic in the summer, and there was a
noticeable depletion of oxygen in the deeper waters during the
winter. This depletion was already evident as early as mid-
December in 1984, as in Lake Itasca.

The upper boundary of the metalimnion in Ten Mile Lake
formed at approximately 10 m and the thermocline was not
nearly as steep as in the other two lakes. The oxygen profile was

of the clinograde or positive heterograde type (Aberg and Rodhe,
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1942; cited in Wetzel, 1983), with a maximum concentration in
the metalimnion in mid-summer (Fig. 1.6). Stratification persisted
longer in Ten Mile Lake than in the other lakes, lasting until mid-
October. During the last month of stratification (October, 1984),
oxygen was depleted in the hypolimnion, which did not, however,
become anoxic, except perhaps in the deepest few meters.

Other physico-chemical features are summarized in Table
1.2. Shown are means of values of epilimnetic waters during the
period in which the lakes were stratified (top; June through
September for Lake Itasca; June through October for Elk Lake and
Ten Mile Lake) as well as values for months at the time of
autumn mixing (below, in parentheses). Transparency values are
means for the entire open water season (May through November)
for all lakes. During the period of lake mixing, water samples
were taken of the upper 10 m of the water column. Monthly
results are included in Appendices A.8-A.12.

Measures of the concentrations of both inorganic and
organic nutrients were highest in Lake Itasca and lowest in Ten
Mile Lake. Values for Elk Lake were intermediate. Values of
specific conductance, total dissolved residues, alkalinity, and total
nitrogen were similar in Lake Itasca and Elk Lake, and were
markedly lower in Ten Mile Lake. On the other hand, total
phosphorus concentrations in Lake Itasca were considerably

higher than in the other two lakes, which had similar values.
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There was a clear distinction between the three lakes in
chlorophyll @ concentration and Secchi transparency. The chloro-
phyll a concentration in Lake Itasca was more than one and a
half times as great as that of Elk Lake and three and a half times
as great as that in Ten Mile Lake. The trend in Secchi
transparency was the inverse of that observed for chlorophyll a,

and the differences between lakes were similar in magnitude.

Table 1.2. Limnological Characteristics of Study Lakes

Lake Itasca FElk Lake Ten Mile Lake

Conductivity (umhos) 248 219 180
(260) (260) (151)
TDR (mg/1) 193 177 139
(195) (201) (126)
pH 7.98 8.07 7.95
(8.00) (8.11) (7.77)
Alkalinity (mg/1) 147 138 97
(165) (160) (110)
Total-P (ug/1) 40.04 25.09 22.08
(45.60) (30.93) (24.42)
Total-N (ug/1) -- -- --
(630) (635) (373)
Chlorophyll a (ng/l) 13.93 8.46 3.88
(10.24) (15.93) (12.11)

Transparency (m) 2.0 3.25 4.67
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1.4. DISCUSSION:

Lake Itasca is a relatively large lake; only 15 per cent of
Minnesota lakes have a greater surface area. However, its shallow
maximum depth is only slighly greater than the median for state
lakes (Heiskary, 1985). Because of the depletion of oxygen in the
deeper waters during the summer, fish are restricted to the
upper 5 m of the water column, where temperatures approach,
and in some years exceed, the tolerance limits of ciscos.
Summerkills of cisco and other species of fish occur with varying
severity in Lake Itasca. Fish may also be limited to the upper
strata of the lake during the winter months.

While the area of Elk Lake is near the median for Minnesota
Lakes, it is deeper than 94 per cent of state lakes (Heiskary,
1985). Although the oxygen of the hypolimnion is depleted
during the summer, a stratum of about 2 m depth in the
metalimnion, between 6 and 8 m, remains, in which the dissolved
oxygen concentration is adequate for fish and the temperatures
do not exceed the tolerance limits of ciscos. Summerkills do not
take place in this lake.

Ten Mile Lake is one of the largest and deepest lakes in
Minnesota. Its surface area is greater than that of 97 per cent,
and it is deeper than 99 per cent of Minnesota lakes. Although
the oxygen concentration of the hypolimnion declines during the

summer months, that which remains in October is probably
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sufficient to support fish, given the low temperatures at these
depths. These oxygen concentratidns may, however, be limiting to
growth. During July and August, temperatures in the epilimnion
may be high enough to restrict the distribution of ciscos.

The other limnological features measured have all been
used to estimate the trophic status of a lake and some, either
singly or combined, have been used to estimate fish yield. The
variables measured indicate a consistent trend in general trophic
status among the three study lakes, with Ten Mile Lake the least
produbtive, Lake Itasca the most productive, and Elk Lake
intermediate between the two.

Values of total phosphorus were similar in .Elk Lake and Ten
Mile Lake. Values for both lakes fall within the range associated
with meso-eutrophic lakes (10-30 pg I'1) according to Wetzel's
(1983) classification. The values obtained for Ten Mile Lake are
somewhat higher than those measured by FMC Corporation in
1975, but this was probably due mostly to the different methods
of sampling. The higher values of epilimnetic total phosphorus in
Lake Itasca are within the range found in eutrophic lakes and are
consistent with the shallow lake, extensive littoral area and
anaerobic hypolimnion in that lake, which may lead to enhanced
release of phosphorus from sediments,

Total nitrogen values in Lake Itasca and Elk Lake were

similar and are typical of mesotrophic to eutrophic lakes, while
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the value obtained from Ten Mile Lake is more typical of
oligotrophic to mesotrophic lakes‘(Wetzel, 1983).

- Mean chlorophyll a values show perhaps the clearest trend
in productivity among the three lakes. The relatively high values
for Ten Mile Lake and Elk Lake during times of lake circulation
are due to pronounced spring algal blooms (see Appendix 1.11), a
common phenomenon in many temperate lakes (Marshall and
Peters, 1989). According to Likens's (1975, cited in Wetzel, 1983)
classification, Ten Mile Lake and Elk Lake would be classified as
mesotrophic, and Lake Itasca as eutrophic. Chlorophyll a
concentration has been used as a predictor of fish yields (Oglesby,
1977) and of sportfish harvest in lakes and reservoirs of the
midwestern United States (Jones and Hoyer, 1982).

The trend in Secchi transparencies of the three lakes is
consistent with the that observed for other features. The mean
Secchi transparency of Ten Mile Lake, which is greater than 95
per cent of Minnesota lakes, was more than twice as great as that
of Lake Itasca and nearly one and a half times as great as that of
Elk Lake. Secchi transparency is inversely related to chlorophyll a
concentration (Megard and Berman, 1990). Readings taken on Ten
Mile Lake during this study were generally lower than those
taken in 1975 (FMC Corporation). It is not known whether this is
indicative of natural year-to-year variation or simply a difference
in technique of the observer, which can lead to significant

differences (Beeton,1958).
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Two other variables that have also been used as indicators
of lake trophic status, specific conductance and total dissolved
residues, were measured. Dunn (1954, cited in Rawson, 1960)
considered lakes with conductivities below 200 pmhos ( as is Ten
Mile Lake) to be oligotrophic, and those with conductivities
greater than this (as are Elk Lake and Lake Itasca) to be
eutrophic. As is to be expected, the trend is the same for total
dissolved residues. This latter variable, when divided by the
mean depth, has been used as an index, the Morphoedaphic Index
(MEI) to predict fish yields in lakes ( Ryder,1965) and reservoirs
(Jenkins, 1982). The MEI for Lake Itasca (36.7) is more than
twice that of Elk Lake (18.1) and more than four times as great as
that of Ten Mile Lake (8.67). It is realized that the conditions for
use of this index are not met by the lakes under consideration, as
the populations studied are not exploited, and at least one lake,
Lake Itasca, is subject to anomolous environmental conditions
(summerkill). Nevertheless, values have been presented because
of the widespread interest in the use of this index as a means of
predicting the potential fish yield of lakes.

In conclusion, the study lakes differ in their general trophic
status and in the habitat available to cisco populations. Ten Mile
Lake is a deep, oligo-mesotrophic lake, the least productive of the
three study lakes. It has an ample volume of water at cool
temperatures that remains oxygenated throughout the year. Elk

Lake is more productive, but the habitat available to c1Scos
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becomes limited in mid-summer due to depletion of hypolimnetic
oxygen during lake stratification. »Lake Itasca, a shallow, eutrophic
lake, is the most productive of the three lakes. Ciscos in this lake
are likely to undergo at least some period of stress during
summer stratification, because of the high temperatures in
oxygenated surface waters which the ciscos must enter as the
deeper strata become anoxic. They may also be limited in their

vertical distribution during the winter in this lake.
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CHAPTER 2. VERTICAL DISTRIBUTION

2.1. INTRODUCTION:

An attempt was made to determine the seasonal vertical
distribution of ciscos in the three study lakes for reasons of both
practical and theoretical interest. Results of these investigations
were used to facilitate the capture of fish for tissue analysis.
Further, a knowledge of the seasonal changes in the vertical
distribution of ciscos would permit an approximate description of
the annual thermal history of members of the populations, and
would indicate times at which oxygen concentrations might be
limiting. For poikilotherms, temperature is of great importance in
the determination of physiological and biochemical rates, and
exerts a controlling force over metabolic processes (Fry, 1971).
Below certain levels, oxygen may limit metabolism and growth,
or affect survival. Both of these factors are important in the
interpretation of observed growth and reproductive patterns.

The vertical distribution of the cisco, C. artedii, has been
addressed in many of the classic papers on cisco life history.
Authors agree that, in general, temperature and dissolved oxygen
concentration are key factors in determining the observed
distributions. For example, Hile (1936) suggested that the
summer distributions of cisco in lakes in the highlands of

Wisconsin were based on temperature and dissolved oxygen
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concentrations. In an exhaustive study of cisco distributions in
Lake Nipissing, Fry (1937) descfibed both vertical and horizontal
movements of ciscos that were closely correlated with changing
temperatures and oxygen concentrations. In a survey of 37 lakes
in Indiana that contained cisco populations, Frey (1955)
concluded that ciscos occupy the coldest waters with adequate
oxygen available.

In the Great Lakes and other large lakes, ciscos are pelagic
in the spring. Although their distribution may be variable shortly
after the disappearance of ice they are found near the surface in
the late spring (Koelz, 1929; Dryer and Beil, 1964; Smith, 1956;
Fry, 1937). After the surface waters warm, they descend below
the thermocline, even if food resources (zooplankton) remain
abundant in shallower waters (Dryer and Beil, 1964). They
become pelagic again in these lakes in the fall.

The summer distribution of ciscos in smaller lakes has also
been described by several authors. The general pattern observed
is that ciscos occupy the cooler water of the hypolimnion and
gradually move up to the top of this layer, or into the lower
portion of the thermocline, as oxygen is depleted in deeper strata
(Cahn, 1927; Frey, 1955; Fry, 1937; Hile, 1936; Nelson and Hasler,
1942). Nelson (1970) has described a similar pattern of summer
vertical distribution of the cisco in Elk Lake and Lake Itasca, two

of the lakes involved in the present study.
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2.2. METHODS:

Fish were captured using vertically hung gill nets. In Ten
Mile Lake, a single net, 45.7 m deep and 3.66 m wide, with a
mesh size of 1.27 cm was used. In Elk Lake, a gang of three nets
of different mesh sizes (1.27, 2.54 and 3.81 cm), each 30.48 m
deep and 3.66 m wide was used. The bottom of each net was
weighted with 1.59 cm diameter steel conduit and the upper end
of the net was attached to a wooden pole that was floated at each
end by large styrofoam blocks. The nets were held spread apart
by 3.96 m lengths of 1.91 cm diameter PVC tubing attached with
clips at 5.7 m intervals. The side lines of the net were marked at
meter intervals.

Before setting a net, two vertical lines, 3.66 m apart were
put into place and drawn. taut. Diagonal lines were then set from
the tops of, and in the same plane as these to prevent twisting of
the net. The net was. then lowered along the vertical lines by
means of carabiners attached to the ends of the conduit. Any
extra netting was tied to the float bar at the top of the net. At Elk
Lake, few fish were caught per set night. They were picked by
pulling them into the boat allowing the carabiners to slide along
the fixed vertical lines, and noting the positions of the fish in
relation to the depth markings. The nets were then reset by
sliding them back down the lines. This process was carried out for

three to five days each month during the ice-free season. At Ten
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Mile Lake, where many fish were caught in this net, I found it
easier to pull the whole net into vthe boat and remove the fish on
shore. Samples were also collected with vertical nets during the
winter at Ten Mile Lake. Except for these samples from winter
months, fish caught in the vertical nets were preserved in
formalin. Because Lake Itasca is a relatively shallow lake, vertical
nets were not used there. The depth of fishing of regular gill nets
in this lake was determined from oxygen and temperature
profiles and information on the vertical distribution of ciscos in
this lake provided by Nelson (1970).

Figures are presented on pages 43-44,

2.3. RESULTS:

Only adult fish were caught in vertical gill nets. In Elk Lake,
no fish were caught ih the smaller mesh sizes used and in Ten
Mile Lake, only adults were vulnerable to the single mesh used
there.

In Elk Lake (Fig. 2.1), fish were distributed throughout the
water column in May and June. From July through October, 1984
and in August and September of 1983 (the only two months of
that year when vertical distribution was determined) ciscos were
confined to the upper strata of the lake. In October, 1984 and
September, 1983 there was some evidence that ciscos moved

downward in the water column with the deepening of the
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thermocline at these times. During the height of stratification in
both years, August in 1983 and .July through September in 1984,
fish were captured in vertical nets in the epilimnion, even though
temperatures were high at these times. Further, in July, 1984,
fish were caught below 10 m, even though the dissolved oxygen
concentration was less thanl ppm.

The seasonal pattern of vertical distribution of adult ciscos
in Ten Mile Lake is shown in Fig. 2.2. During the winter, ciscos in
Ten Mile Lake were distributed throughout most of the water
column. In early May, ciscos were concentrated below 20 m, and
most fish were caught below 30 m. This occurred in spite of the
fact that temperatures were still low in the surface waters
(7.5°C) and the lake was nearly isothermal below 8 m. The
vertical distribution of ciscos remained essentially unchanged
through early September in 1984. During these Iﬁonths, nearly all
fish were caught below 20 m and modes were at 30 m or deeper.
In early October, 1984, the mode shifted upward to 27 m and was
more pronounced than in the previous months. At this time,
oxygen concentrations in the hypolimnetic waters of Ten Mile
Lake were low, less than 2 ppm at the depths where cisco were
captured. Ciscos inhabited similar depths in early October in the

previous year.
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2.4. DISCUSSION:

Pelagic fishes generally do not occupy the entire water
column. The vertical distribution of fishes may be restricted by a
number of factors, such as temperature, oxygen concentration,
light, food availability ‘and interactions with other species.
Vertical gradients of temperature and dissolved oxygen
concentration exist during summer stratification in temperate
lakes and have long been considered to play impoftant roles in
determining the vertical distribution of fish in general and of
ciscos in particular (Juday and Wagner, 1908; Cahn, 1927; Hile,
1936; Fry, 1937; Frey, 1955). Rudstam and Magnuson (1985)
approached the problem of cisco (and perch) vertical distribution
by considering these two factors as the primary determinants of
vertical distribution. They assumed that when possible, ciscos
would select their preferred temperature, which was estimated
from observations on other coregonids és 12 °C and that ciscos
would avoid temperatures in excess of 17 °C, based on Cahn's
(1927) experiments. Minimum required oxygen concentrations
were estimated as 1.9 ppm at 12 °C and 3.5 ppm at 20 °C. They
then compared observed distributions with predictions based on
their model, and considered factors other than temperature and
dissolved oxygen to be responsible for the deviations observed.

Their assumptions appear to be reasonable, and the distributions
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of ciscos in the lakes of the present study will be discussed in
relation to their analysis. |

In general, the distribution pattern of ciscos observed in Elk
Lake was similar to that described by Nelson (1970). However, in
1983 and 1984, depletion of oxygen in the hypolimnion occurred
earlier, and was more complete than in the years encompassed by
his studies. Thus, he noted that ciscos were present at the bottom
in early July. In late July he captured ciscos between 7.5 and 11.6
m and in August between 6.1 and 8.5 meters. In his study, the
dissolved oxygen concentration at these depths was between 3
and 4 ppm. In contrast, in the present investigation, the oxygen
concentration was approximately 2 ppm at 7 m in August, 1983,
and at 8 m in August and September of 1984. In spite of this,
ciscos were found at approximately the same depths in vertical
nets in the present study. It is also of interest that, as in the
vertical nets, many ciscos were caught at depths to 11 m in mid-
July, 1984 in horizontally set gill nets, although the oxygen
concentration at- this depth was below 1 ppm.

Nelson (1970) observed that occasionally, a small number
of fish were caught below the thermocline during summer
stratification, but were never caught in epilimnetic waters. In
contrast, in the present study, fish were caught in the epilimnion
of Elk Lake in both years of the present study. Fish were captured
during the night, and this may have been the result of a nocturnal

vertical migration of ciscos, in reponse to vertical migrations of
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the plankton. Diel vertical migrations of the vendace, Coregonus
albula, have been documented'by several authors (Dembinski,
1971; Enderlein, 1982; Hamrin, 1986; Northcote and Rundberg,
1970). However, although vertical nets were set for 4 or 5 nights,
the size of the samples from Elk Lake at these times was small,
and conclusions other than that there was a general movement of
fish out of the deeper waters during summer stratification are not
justified. Regular gill nets were set to encompass the thermocline
in these months and yielded large catches on all occasions. It
seems likely that most of the ciscos were concentrated in the
rather narrow depth strata from approximately 5-8 m at these
times, similar to that described by Nelson (1970).

From November to May, adult ciscos in Elk Lake occupied
waters at temperatures . below their preferred temperature.
During summer stratification, they were generally found at
depths with temperatures very near to the preferred
temperature, except in August and early September, when low
o0xygen concentration force them to occupy temperatures between
14 and 17 °C. The observations that fish were caught in the
epilimnion or in deeper strata below the thermocline (as in July,
1984) may simply be the result of short-term foraging
expeditions to these areas.

Ciscos in Ten Mile Lake occupied the entire water column
during the winter months and were restricted to hypolimnetic

waters during summer stratification. However, for much of the
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ice-free season, ciscos in Ten Mile Lake were found in deeper
water and hence, at lower températures, than would be predicted
according to the criteria of Rudstam and Magnuson (1985)
described above. In Ten Mile Lake, ciscos were concentrated
below 20 m early in May, at temperatures (5 °C) far below their
assumed preferred temperature. Similar phenomena have been
described in other lakes. In the lakes of southern Wisconsin
studied by Cahn (1927), ciscos tended to be associated with the
bottom until lack of oxygen forced them to move higher in the
water column. Frey (1955) noted that, while in some lakes ciscos
occupied the entire hypolimnion during the early months of the
ice-free season, in others, such as Green Lake, they remained near
the bottom as long as oxygen levels permitted. Further, ciscos in
Ten Mile Lake remained at these depths, or at slightly shallower
depths, at least until early October, when surface temperatures
were near the preferred temperature and when the dissolved
oxygen concentration at the depths they inhabited.was below 2
ppm. Fry (1937) noted the resistance of ciscos of Lake Nipissing
to move into the epilimnion in the fall, even though water
temperatures were low at that time. The ciscos of Ten Mile lake
thus were not observed to inhabit waters with temperatures
greater than 7.5 °C at any time during the year.

Light, distribution of prey items, and bioenergetic
considerations may contribute to the explanation of these

observations. Light avoidance has been suggested as a factor in
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the similar distribution of vendace, Coregonus albula, in Swedish
lakes (Hamrin, 1986), where. a marked vertical migration
(upward at dusk, downward at dawn) was observed. In
laboratory experiments, brook trout (Salvelinus fontinalis) and
bluegill sunfish (Lepomis macrochirus) selected temperatures
other than -‘the preferred temperature to avoid high light
intensities (Sullivan and Fisher, 1954; Stuntz, 1975, cited in
Rudstam and Magnuson, 1985). The transparency of Ten Mile
Lake is relatively high (Chapter 1), and avoidance of light might
possibly be a factor involved in depth distribution of ciscos in this
lake. This would not, of course, explain why this distribution
would occur at night, when the fish were captured. It is not
known if the ciscos in this lake migrate upward at night, and
information regarding the precise time of capture is lacking. It is
possible that the observed distribution is the result of fish being
caught at different depths at different timés.

Although zooplankton collections were made during the
field work, these samples have not yet been enumerated. Thus,
no firm conclusions regarding prey distribution or abundance can
be made. However, rough estimates of relative abundance in the
epi-, meta-, and hypolimnion were attempted. Vertically
integrated samples had been collected from three depths: from
the top and bottom of the thermocline, and from the lake bottom,
to the surface of the lake. Abundance in each of the major strata

could then be obtained by subtraction. The volume of settled
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zooplankton from each sample was calculated by measuring the
height of settled zooplankton in standardized cylindrical
containers. The density for each stratum was determined by
subtraction. In June and July, zooplankton densities in the
metalimnion were approximately twice as great as in the
hypolimnion. In May, August and September, densities in the
metalimnion and hypolimnion were similar. Zooplankton densities
in the epilimnion were similar to those in the hypolimnion in all
months except September, when zooplankton were more
abundant in the surface waters. Comparisons with samples from
the other two lakes indicated that zooplankton densities in Ten
Mile Lake were approximately an order of magnitude lower than
in either Elk Lake or Lake Itasca. Further, the exceedingly small
size of these fish, and the apparently large population size
(personal observation) suggests that food may be limiting. If this
is the case, these fish may be choosing a temperature lower than
the preferred one. This would reduce metabolic costs and could
result in better growth (Brett, 1979).

Lake Itasca ciscos are restricted in their summer vertical
distribution due primarily to low oxygen concentrations in the
metalimnion and hypolimnion and high surface water
temperatures. They may also be restricted by low oxygen
concentrations in deeper waters during the winter. Winter sample
sizes were small, but all fish taken were captured in nets

suspended near the surface. From the end of September through
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May, conditions exist where the water they may occupy is at
temperatures at or below their assumed preferred temperature.
However, from June to August, they were generally caught
at depths between 4 and 7 meters. These results are similar to
those of Nelson (1970). At these depths, temperatures exceeded
the assumed preferred temperature of the species, and at times
exceeded the upper avoidance temperature by a considerable
amount (up to 24.5 °C). During these periods, fish were also
captured in the hypolimnion, which was anoxic or severely
depleted of oxygen. In spite of the lack of oxygen at these depths,
ciscos in this lake apparently make trips to the bottom to forage,
as is evidenced by the appearance of Chironomid larvae in gut

contents (Nelson, 1970 and J. C. Underhill, personal communi-

~cation).
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CHAPTER 3. SIZE AND AGE COMPOSITION

3.1. INTRODUCTION:

Lengths and ages of ciscos from the three study lakes were
determined to provide a general description of growth in each
lake. They also providéd a rationale for grouping samples for
tissue analysis and served to identify the age at maturity in the
three study populations.

The anatomical structures used for age determination
differed for the three populations. Both scales and otoliths were
used for age assessment. Since the classic work of Van Qosten
(1929) on ageing of ciscos, many workérs have applied the
technique of age assessment from scales uncritically (Carlander,
1987). However, it has been recognized for some time that using
scales for age assessment can lead to underestimates of fish ages,
especially in slow-growing fish, and in older fish, whose growth
rate decreases, often with the onset of sexual maturation
(Beamish and McFarlane, 1987).

Several workers have noted that scale ages can
underestimate the age of members of the genus Coregonus. Aass's
study (1972) comparing otolith and scale readings for Coregonus
albula  suggested the need to look more critically at results
determined from scales. Barnes and Power (1984) observed that

scale ages wunderestimated otolith ages in lake whitefish,
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Coregonus clupeaformis, and that discrepancies occurred from age
4 or 5 and could be of considerable magnitude. Power (1978)
observed ages (as determined from otoliths) of fish of the same
species that were up to 35 years older than the previously
recorded maximum age using scales. Similar results were
obtained by Mills and Beamish (1980), who compared ages
determined by fin-rays with scale ages. Ages of up to 21 years
have been reported for cisco, Coregonus artedii (cited in Beamish
and McFarlane, 1987).

Thus, both scales and otoliths were used for age
determination of Lake Itasca and Ten Mile Lake fish. Elk Lake
fish were processed for tissue analysis first, and at this time,
otoliths were not taken from samples. For fish of this lake, scales
were used for age assessment. The general methodology was

similar in all cases, and is described below.

3.2. METHODS:
3.2.1. FISH COLLECTION:

Fish samples were collected at approximately monthly
intervals from September, 1983 to December 1984. At each lake,
I tried to obtain several fish of each sex for as many size classes
as possible, and especially to obtain both pre-reproductive

(Juvenile) and sexually mature individuals. Most of the fish used
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for tissue analysis were caught with gill nets. All gill nets used
were of the sinking type, and Were 1.83 m deep, except where
noted. The length of netting and mesh sizes used, and number of
nights fishing varied from lake to lake and month to month
depending on the success of capture of various size classes and
time constraints imposed by the sampling regimen. All mesh
measurements are given as bar measure. Nets were set just
before sunset and were pulled the following morning at
approximately 0700-0800 hours.

At Lake Itasca and Elk Lake, nets used were either 76.2 m
experimental gill nets containing 15.24 m of each of five mesh
sizes (1.27, 1.91, 2.54, 3.81 and 5.08 cm) or combinations of
separate 15.24 m panels tied together. These sections were of the
same mesh sizes as the experimental nets with the addition of
3.18 and 4.45 cm mesh. The use of these individual panels made
it possible to fish for different size groups in different localities or
depths and also avoid taking more fish of the larger size classes
than were needed. Particularly in Elk Lake, sufficient numbers of
larger fish were generally captured in a single night's fishing,
whereas it was necessary to set nets for several nights for the
smaller size classes.

In Lake Itasca and Elk Lake, nets were generally suspended
at various depths. This was done both to avoid the incidental
catching of fish such as the brown bullhead (Ictalurus nebulosus)

and to take advantage of concentrations of ciscos in particular
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depth strata, especially during the time of lake stratification.
Temperature and dissolved oxygen profiles were taken before
setting nets and were used to assist in the determination of the
depth of the net sets. Various authors (c.f. Hile, 1936; Fry, 1937,
Frey, 1955) have noted the tendency for ciscos to concentrate in
zones near the metalimnion in lakes as surface temperatures
increase and oxygen is depleted in the hypolimnion and
Nelson(1970) studied this phenomenon in these two lakes. Nets
were suspended in the coolest strata above waters in which
oxygen depletion was evident by attaching 10.16 cm diameter
floats with line of the appropriate length at 4.57 m intervals
along the float line of the net

Fish from these two lakes were picked from the nets and
placed immediately into coolers containing frozen gelatin packs.
They were then taken to the laboratory at the Lake Itasca
Forestry and Biological Station where Standard and Total Lengths
were measured to the nearest millimeter and fish were weighed
to the nearest half gram. Fish were then double wrapped in
heavy-duty aluminum foil and placed in a freezer at -24 °C.

Gill nets used for collections at Ten Mile lake were of 0.95
and 1.27 cm mesh. In this lake, nets were set on the bottom at
depths where results of fishing with vertical gill nets had
indicated concentrations of ciscos (see below). Nets of the larger
mesh size (15.24 to 30.48 m total length of nets) were only used

for one night, and provided adequate samples, generally about
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200 to 300 fish per 15.24 meters. However, the smaller mesh size
did not capture small fish with equal efficiency, and typically
were used for two or three nights. 60.96 meters of net were used
each night.

At Ten Mile Lake the procedure was altered in order to
ensure proper preservation of the tissues of these fish, which are
much smaller than those captured in the other lakes. Removing
the fish from the nets took quite some time and it was felt that
the tissues might be altered if the nets were picked on the lake,
especially during the warmer months. Therefore, the entire net
was placed in a cooler with frozen gelatin packs, and the fish
were removed on shore. Fish were nearly or completely frozen by
the time they were picked from the nets. The first 150 to 200 fish
were wrapped in tin foil and placed in a freezer and the rest were
preserved in formalin.

This procedure did not permit the weighing and
measurement of lengths of fish from Ten Mile Lake at the time of
capture. Original lengths and weights were reconstructed from
regressions of these variables on lengths and weights measured
at the time of processing of a subsample of 38 fish from the
October 4, 1983 collection (see Appendix B).

The October 25, 1983 and November 1, 1984 samples from
Ten Mile Lake were taken during the spawning run at Ten Mile
Lake. Trap nets with 0.95 cm (bar measure) mesh were used to

catch these fish.
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3.2.2. LENGTH-FREQUENCY DISTRIBUTION:

Length frequency distributions based on Standard Length
were constructed for ciscos from Elk Lake and Lake Itasca, using
lengths measured at the time of capture. Since Ten Mile Lake fish
were not measured until selected for processing of tissues, a

length frequency distribution was not constructed for these fish.

3.2.3. AGE DETERMINATION:

Scales were used for age determination of fish from all
three populations. They were the primary structure used for the
Elk Lake and Lake Itasca populations and were used for
comparison with otoliths from Ten Mile Lake fish. Scales were
taken from the right side behind the insertion of the dorsal
fin.and approximately midway between the lateral line and the
dorsal fin. Scale impressions on acetate were made with a Wildco
scale press, as described by Smith (1954). Impressions could not
be made of scales from the Ten Mile Lake fish, because of their
small size and fragile nature. These were cleaned and mounted on
glass microscope slides with Sayre's medium (Uphoff, 1948). In
general, the criteria for recognizing annuli in the cisco, Coregonus
artedii, as established by Van Oosten (1929) were used. A
description of these characteristics follows in the discussion

below.
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Otoliths were wused as the primary means of age
determination for the Ten Mile Lake fish and were used to
corroborate ages determined by scales for the fish of Lake Itasca.
The fish of Elk Lake were the first to be processed and otoliths
were not taken, as difficulties in the determination of ages from
scales had not been foreseen. Ages as determined from inspection
of scales were compared with those determined from otoliths.
Subsamples consisting of 87 fish from Ten Mile Lake and 79 fish
from Lake Itasca were used in these comparisons. The samples
included fish from different stages of the seasonal cycle and
represented several size classes.

Otoliths were examined in two ways. Whole otoliths were
cleared in either cedarwood oil or clove oil, and viewed against a
dark background using reflected light. Thus, periods of rapid
growth were represented by white, opaque bands, and slow
growth by translucent hyaline zones (Chilton and Beamish, 1982).
Transverse planes were also observed with oblique light after
cracking the otolith through the nucleus, grinding with fine (600
grit) wet-and dry paper and clearing with clove oil.

Ages as determined from whole otoliths and those
determined by breaking the otolith and viewing transverse
sections through the nucleus, were compared, in order to choose
the most rapid, yet reliable, method. A sample of 64 fish from

Ten Mile Lake were used for this comparison.
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The methodology employed for validating ages was similar
regardless of the structure uséd. Since samples representing
various size classes were taken at monthly intervals, it was
possible to determine the time of annulus formation and to
distinguish between true annuli and other checks, by noting the
appearance and relative width of monthly increments at the
border of the structure. Small fish were analyzed first and each
cohort was followed from the fall of 1983 until the end of the
study in December, 1984.

Figures are presented on pages 62-66.

3.3. RESULTS:
3.3.1. LENGTH-FREQUENCY DISTRIBUTION:

Most of the monthly collections from Lake Itasca contained
either two or three predominant size classes based (Fig. 3.1).
Members of the smallest size class were caught only in the later
months of both years. Except for the December, 1984 samples,
these fish were less than 100 mm standard length, and are not
shown. These fish were later determined to be young-of-the-year
(see below). Older juveniles were present in the catch from May
to December, 1984. These fish measured between 120 and 190
mm SL, depending on the month, and an increase in length during

this period was evident. Adult fish fell into two more or less
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discrete size classes. Most of the fish belonged to the first of
these, which ranged from about 240 to 305 mm SL. As with
juvenile fish in this lake, a rather clear increase in size was ndted
for this group as the sampling season progressed. The second size
group of adult fish was less discrete and spanned a broader range
of lengths, from about 310 to 375 mm. The few fish captured that
were larger than 350 mm are not depicted.

Fish from Elk Lake fell into two major size classes (Fig. 3.2).
The smaller size class consisted of fish which ranged from 130 -
155 mm SL in July, 1984 and from 145 - 180 mm SL in October,
1984. These fish were juveniles and it was determined that they
represented a single cohort, that of fish in their second year of
growth (see below). The other major size group was composed of
adult fish. While a progressive increase in length of the smaller
size class was evident, no consistent trend could be identified in
the larger one.

The fange of lengths of Ten Mile Lake fish observed was
from 71- 126 mm.

3.3.2. AGE DETERMINATION:

Of the three populations studied, the fish of Lake Itasca
were the most amenable to age determination. Fish in this
population were characterized by a high growth rate, making it

relatively easy to follow the progress of a seasons' growth on the
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scales. Annular markings were distinct and could be distinguished
from other growth checks. Furthef, a wide range of sizes of fish
were obtained, and ages for different age groups could be verified
by following each group through the yearly cycle.

The smallest size class of ciscos in Lake Itasca became
vulnerable to the fishing gear in September of both 1983 and
1984. These fish weighed less than 20 g (except for the two
collected in December, 1984) and the Standard Length of these
fish was from 80-91 mm. The scales of these fish already showed
a prominent annulus followed by subsequent growth. The
annulus was characterized by crossing over of circuli in the
anterior field and by a distinct disruption of circuli in the
posterior field. Some of the individuals also showed an accessory
check before the annulus, characterized by crowding, and at
times, crossing over, of circuli.

The 1983 year class was followed throughout 1984.
Crowding of circuli on the edges of scales was first evident in
April fish, and a check was formed by May. Rapid growth ensued
until the end of July, when crowding was again observed on the
scale margins. Rapid growth resumed in September or October,
leading to annulus formation at this time. In small fish in this
population, two distinct marks were formed each year, once in
the late Spring and another in the Autumn.

The next larger group of fish was the most prominent in

samples. The Standard Lengths of these fish were between 240
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and 310 mm. Annulus formation occurred between September
and December in these fish, soméwhat later than in the smaller
fish. An accessory mark similar to that observed in younger fish,
which was characterized by a discontinuity of circuli, especially
on the antero-lateral edge, was also present in most of the
samples of this size group. This mark was present in fish collected
in May and thereafter. At times, it appeared as a continuous
thickened line along the length of the anterior field. However, it
was often absent on one side of the same scale and was not
generally seen on all scales from an individual. Further, it was
never seen in the posterior field as was the true annulus. This
size class (240 to 310 mm) completed its fourth year of growth
by the end of the sampling in 1984.

The age of larger fish was determined as with younger, and
thus smaller, fish, by observing the pattern of addition of circuli
and annulus formation in succesive months. In these fish, as in
the cohort described above, annulus formation occurred sometime
between September and December. In many of these fish, little or
no addition of circuli took place during the winter months, and
only one mark per year, the annulus, was formed.

For Lake Itasca fish, the ages as determined from scales and
otoliths were consistent. Of the 79 comparisons made, otolith ages
coincided with scale ages in all but 2 cases. In one of these, the
fish was quite old, and the scale had been difficult to interpret. In

the other, there was a three year discrepancy in ages determined
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by the different methods. In this latter case, the length and
weight of the individual were much greater than those of
similarly aged individuals (Age III). The discrepancy was
possibly the result of an error in numbering the scale sample.

In Elk Lake, the results for young-of-the-year and juvenile
(Age I) fish were similar to those obtained for Lake Itasca fish.
Two distinct marks were observed to have formed in each year.
The criteria used for distinguishing annular markings in these
fish were the same as those used for Lake Itasca fish. As in these
fish, two distinct marks were observed on scales of Elk Lake fish
through their fourth year of life. Most of the adult fish from Elk
Lake were aged at V to VII years. There was a large amount of
overlap in lengths of fish of these ages. In the Age V fish, it was
possible to follow the progress of growth around the edge of the
scale from month to month In the latter two age groups, this was
difficult in some cases, and suggested that in these fish the limit
of the relibility of the method was approached.

In Ten Mile Lake fish, ages determined from scales were
generally comparable to those determined from otoliths until the
formation of the second or third annulus (Fig. 3.3). Scale ages
agreed with otolith ages in 59 of the 87 comparisons. In the cases
where agreement was not found, otolith ages were greater than
scale ages. In nineteen of these cases, scales exhibited three
growth periods and otoliths, either four or five. These otoliths had

three broad growth zones, while the others were thin. A similar
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pattern was observed in the other cases where discrepancies
existed. In four cases, scales had two growth zones, while otoliths
had three or four, and in six cases, scales had four growth zones,
while otoliths had five or six.

The spacing between growth periods on otoliths appeared
consistent and otolith ages were judged to be accurate. In general,
owing to the thinness of the otolith, ages could be determined
from whole otoliths, and except.in the largest specimens, these
ages agreed well with results from cracked otoliths. Ages
determined by these two methods were in agreement in all but
one of the 64 comparisons (Fig. 3.3).

In all age classes of Ten Mile Lake ciscos observed, growth
(as indicated by the formation of an opaque zone at the edge of
the otolith) began between June and July, with an opaque (white)
zone first becoming visible on the edge of the otolith in the latter
month. A translucent zone became apparent on the edge of the
otolith between August and September or October, indicating that
growth had ceased. These methods were reliable for fish through
age IV, that is, in their fifth year. After this age, it was difficult to
distinguish the position and even the presence of growth rings

and annuli, due to the extreme thinness of the growth zones.
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3.4. DISCUSSION:
3.4.1. LENGTH-FREQUENCY DISTRIBUTION:

Several factors may have led to the predominance of the
observed groupings in Elk Lake and Lake Itasca. The gill nets
used for capture are well known to influence the size composition
of catches through their selective action, which may vary
depending on the season of sampling (Hamley, 1975; Pope, et al,
1975). Also, time constraints imposed by a regimen for sampling
three lakes obviated the possibility of sampling many habitats
and locations in any single lake during each month. As described
above, I generally sampled strata in the water column where I
expected to achieve high catch rates. This usually produced
adequate samples of large, mature fish. However, extra effort had
to be expended to catch fish of the smaller size classes, and these
were probably underrepresented. For example, Nelson (1970)
noted that, as stratification of Lake Itasca progressed, smaller fish
remained in areas other than at the deepest part of the lake
longer than larger fish, a phenomenon that was described in great
detail in Lake Nipissing ciscos by Fry (1937). I was unable to
adequately sample these locations. Finally, variations in the
success of various year classes, and natural mortality may also
have contributed to the observed frequency distributions. For

example, the paucity of individuals older than III in Lake Itasca
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samples may have been the result of the severe summer-kill that
occurred in 1983. Many larger fish were observed on the surface,

either dead or dying, in July and August of that year.

3.4.2. AGE DETERMINATION:

Scales were used as the primary structure for age
determination for the Lake Itasca and Elk Lake cisco populations.
The high degree of consistency in estimates of age based on
otolith and scale readings in Lake Itasca fish is consistent with
the findings of others (c.f. Van Oosten, 1929; Hile, 1936) that in
rapidly growing fish, the age of the individual is accurately
represented by pattern of scale markings. The observation that
the formation of the annulus occurred at a later time in older fish
is consistent with the observations of Hogman (1968), who noted
that annuli were formed earlier in younger fish of four
coregonine species held in captivity. Accessory checks such as
those observed on the scales of Lake Itasca and Elk Lake fish
have been noted in the scales of ciscos by Van Oosten (1929), Hile
(1936), Smith (1956) and others.

Fish from Ten Mile Lake are extremely slow growing.
Several workers have found that age determination from scales in
coregonids is difficult when growth rate slows down, typically in
older individuals (c.f. Hile, 1936). Others (Aass, 1972; Power,

1978) have found that determinations from scales may
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underestimate the age of coregonids, especially when the growth
rate is reduced, and have recommended the use of otoliths. The
comparison of ages determined from scales and otoliths in Ten
Mile Lake fish corroborate these findings. In individuals older
than Age I, the ages determined from scales frequently
underestimated the age of the fish. There was good
correspondence between ages as determined from either whole or
cracked otoliths. Skurdal, et al. (1985) also found good agreement
between ages as determined from whole and cracked otoliths in

Coregonus lavaretus.

3.4.3. GROWTH IN LENGTH:

The growth rates of individuals differed greatly in the three
populations, as did the maximum size attained. These differences
were pronounced even at young ages. Growth of Age I fish in all
lakes was highly significant (p < .01 in all cases, ANOVA). The
growth of juveniles from Lake Itasca and Elk Lake was roughly
similar, and the lengths of these fish at the end of their second
year of life were twice those of Ten Mile Lake juveniles (Fig. 3.4).

The largest adults captured from Ten Mile Lake were
considerably smaller than juveniles of the other two lakes.
Nevertheless, growth throughout the study period was significant
for males through Age IV and females through Age III (p < 0.01
in all cases, ANOVA). At the end of their fourth year of life, the
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Standard Lengths of Lake Itasca adults were comparable to those
of the largest fish caught in Elk Lake, which were considerably
older. That growth continued in Lake Itasca fish is indicated by
the lengths of the few older fish captured there. The growth of
Lake Itasca adults was significant (p < 0.001 for both sexes,
ANOVA). The change in Standard Length of Age III (in 1984)
adults from Lake Itasca and Ten Mile Lake is illustrated in
Fig.3.5. The change in length of Elk Lake adults was not
examined. As noted above, a great deal of overlap in length of the
age groups was observed. Further, samples for analysis were
taken from the predominant size class, as described in the
following chapter. The result of this procedure was that, in many
months, too few individuals of a particular age class and sex were

present to permit the analysis of change in length.
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Fig. 3.1. Length-frequency distributions of Lake Itasca ciscos.
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CHAPTER 4. SEASONAL PATTERNS OF ENERGY ACCUMULATION
AND DEPLETION IN TISSUES AND ORGANS

4.1. INTRODUCTION:

The patterns and magnitude of energy accumulation,
storage and utilization in fish have been related to the seasonal
availability of food resources and the reproductive cycles of fish
(Nikolskii, 1963; Shul'man, 1974). Although there have been
many studies regarding the seasonal changes in energy reserves
of fish, most studies have divided the fish into few compartments,
most frequently two: the gonads and some measure of non-
gonadal reserves, either muscle, carcass, or somatic 7tissues
combined. Often, only values for the whole fish are presented.
Important details of the allocation process may be obscured.

Several organs may be involved in the storage of energy
reserves. The most common are the liver, muscle, and visceral
deposits, which may be associated with one or more organs (Love,
1970). In the present study, changes in weight, energy density
and energy content of these tissues and organs, as well as the
gonads were investigated to determine their role in the seasonal
energy dynamics of the cisco. Summaries of patterns observed in

other species will be discussed in relation to each tissue or organ.
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4.2. METHODS:
4.2.1. FISH COLLECTION:

The collection of fish for tissue analysis has been described

in Chapter 3.

4.2.2. SELECTION OF FISH FOR TISSUE ANALYSIS:

- The choice of samples for tissue analysis was guided by the
goal of obtaining a record of the life history of the study
populations in terms of energy, by following the seasonal pattern
of storage and utilization of energy reserves in different age
groups. Most importantly, it was necessary to obtain samples of
both immature and adult fish. In practice, choices were
determined to some extent by the composition of the catch at
each lake and by other constraints imposed by field conditions,
which varied between lakes. Ages were determined for fish of all
three lakes, and results were incorporated in decisions regarding
grouping of samples for analysis. Details of the results of ageing of
fish and size composition of the populations were presented in
Chapter 3.

Juveniles in their second year of life (Age I) were captured
in all three lakes, generally in samples from the latter half of the

sampling period. Because young-of-the-year were captured on
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only one or two occasions in Elk Lake and Lake Itasca, and
samples were very small, data fdr these fish are not presented.
As noted above, it was not possible to measure lengths and
weights of Ten Mile Lake fish at the time of capture. Individuals
were thus selected at the time of analysis. Small groups of fish
were partially thawed, unwrapped and measured. I tried to
obtain at least four fish of each sex for each 10 mm length class,
from 80 (and in some months,70) to 120 mm, Standard Length.
Ages were then determined, as described below, and fish were
grouped accordingly. Because of the method of sampling (by
length), and the overlap of size ranges for any given age class,
equal representation of all age classes were not obtained for each
month. Adult fish aged II- V were analyzed. However, no marked
differences in the patterns of energy dynamics were observed
between these groups. Therefore, only data from the cohort that
was in its