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Abstract.--Lake Superior’s fish community has undergone dramatic changes since the
mid-1950’s, with major shifts in the forage base, invasion of exotics, and the decline of
lake trout. Predator species have been introduced, and many of the predator stocks are
maintained by stocking. The impact of these stocked fish on the forage base, and the
ability of the forage base to sustain projected stocking levels are unknown. The most
current information on fish populations in Lake Superior has been collected by biologists
in three states, several tribes, the province of Ontario, and the U. S. Fish and Wildlife
Service. Much of the information, however, is unpublished or in publications with
limited distribution. Bioenergetics modeling can use basic population data for answering
research and management questions about predator-prey dynamics, stocking quotas, and
forage requirements. The objectives of this study were: 1) to compile data on the major
salmonines in Minnesota waters of Lake Superior, as input for a bioenergetics model; 2)
to estimate salmonine predation on prey populations in Minnesota waters through
modeling simulations; 3) to conduct sensitivity analyses of the bioenergetics model; and
4) to prioritize data requirements for input to the bioenergetics model. Estimates of
consumption by predator stocks in 1989 totaled 2,814 metric tonnes of rainbow smelt and
249 metric tonnes of coregonines, which greatly exceeded biomass plus production
estimates of forage species (about 100 metric tonnes of rainbow smelt and 85 metric
tonnes of coregonines). Discrepancies could be due to underestimates of forage fish
biomass or inaccuracies in data on predators. Predator consumption estimates in the
bioenergetics simulations were most influenced by values used for predator population
abundance, weights, diets, and prey caloric densities. Further data acquisition should
focus on the forage base biomass and production, predator age and growth, periodic diet
monitoring, predator population abundances, and mortality rates.

Introduction

Lake Superior’s fish populations are sup-
plemented by extensive salmonine stocking,
but quantitative information about existing
stocks and community interactions is incom-
plete and difficult to obtain. Traditional
management strategies, aimed at one species
or game species only, were inadequate in
this dynamic ecosystem. Efforts focused on
rehabilitating fish stocks when populations
showed signs of distress, emphasizing the
trial-and-error nature of fisheries science at
that time. The increased stocking desired by
anglers sometimes conflicted with managing
toward a renewable and stable fish commun-
ity (Spangler et al. 1987). Christie et al.
(1987) and Spangler et al. (1987) recom-
mended a community analysis to predict the
effects of management actions on the species
assemblages. Management strategies are
now focusing on this community approach,
so that healthy fish communities can be

maintained without the high level of risk
previously encountered.

Bioenergetics modeling is a powerful
tool for answering questions about preda-
tor-prey dynamics, stocking quotas, and the
forage requirements of predators (Christie et
al. 1987; Hewett and Johnson 1987). Bio-
energetics modeling uses fish physiology,
temperature, growth (weight at age), diet
composition, prey caloric content, and popu-
lation abundance data to estimate food con-
sumption (Kitchell 1983; Hewett and John-
son 1987). Sensitivity analysis (Kitchell
1983) can be used to evaluate existing data,
and identify and prioritize future data needs.
Variation in number and strain of stocked
salmonines, and the unknown extent of
natural reproduction has made standing stock
estimation difficult in Lake Superior. How-
ever, estimating the forage requirements of
Minnesota-stocked fish is a manageable
goal. Results can be used to adjust stocking



quotas and harvest regulations to ensure a
stable fishery.

A review of the recent history of the fish
community in Lake Superior emphasizes
many changes and interactions. The fish
community has undergone dramatic changes
since the mid-1950’s beginning with the
invasion of the sea lamprey Petromyzon
marinus, and the decline of lake trout Salve-
linus namaycush and lake herring Coregonus
artedii. Rainbow smelt Osmerus mordax,
which invaded in the mid-1950’s and
boomed in the 1960’s, replaced declining
lake herring as the principal lake trout for-
age (MacCallum and Selgeby 1987; Busiahn
1990; Hansen 1990). Subsequent lake reha-
bilitation programs included harvest restric-
tions on lake herring and lake trout, sea
lamprey control, and lake trout stocking
(Lawrie and MacCallum 1980; Walters et al.
1980; Busiahn 1990). Rainbow smelt stocks
have fluctuated and are now in a severe
decline lake-wide, while lake herring are
making a strong comeback (Schreiner and
Morse 1990). The primary method of har-
vest has shifted from the traditional commer-
cial fishery which targeted native lake trout
and lake herring, to an economically impor-
tant recreational fishery targeting lake trout
and introduced salmonines.

Lake Superior has lower productivity
than the other Great Lakes, so the sustain-
able yields of predator and prey fish are
lower, and the likelihood of over-harvesting
or over-stocking is greater. In spite of this
risk, stocking quotas have been determined
by historical production levels and hatchery
capacities rather than by an understanding of
community dynamics. Lake trout, chinook
salmon Oncorhynchus tshawytscha, steethead
and Kamloops strain rainbow trout O. my-
kiss, and Atlantic salmon Salmo salar have
been stocked in Minnesota waters in recent
years. While predator stocks have in-
creased, the structure of the forage base has
changed greatly, and predator-prey interac-
tions are poorly understood (Busiahn 1990).

Lake trout growth has decreased in
many areas of the lake during the past 15
years, probably because of changes in the

forage base (Hansen 1990). The small size
and inshore distribution of rainbow smelt
may make them of lower value than lake
herring as forage for lake trout (Jacobson et
al. 1987). Lake herring were historically a
preferred lake trout forage, with pelagic
lake-wide distribution. Since the resurgence
of lake herring populations, however, lake
trout have shown a reluctance to return to
lake herring as a forage base (Hansen 1990).
Fish population information from Lake
Superior has been collected by biologists in
three states, several tribes, the province of
Ontario, and the U. S. Fish and Wildlife
Service. Because of agency differences,
data sets are sometimes inconsistent and
difficult to compare. Lakewide impacts
from different management strategies are
difficult to evaluate because the effects are
cumulative and stocks are poorly defined.
Rapid assessment methods and prioritizing
data acquisition are paramount, given the
size and complexity of Lake Superior.
Objectives of this study were: 1) to
compile available data on lake trout, coho
salmon Oncorhynchus kisutch, chinook
salmon, steelhead and Kamloops strains of
rainbow trout, Atlantic salmon, and forage
species in the Minnesota waters of Lake
Superior for input into a bioenergetics mod-
el; 2) to estimate salmonine predation on
prey populations through modeling simula-
tions; 3) to conduct sensitivity analyses of
the bioenergetics model; and 4) to identify
and prioritize data needs for increased accu-
racy in bioenergetics model simulations.

Study Area

The Minnesota waters of Lake Superior
encompass 572,900 hectares, which have
been divided into three management zones
(Figure 1). The Minnesota shoreline is
rocky and steep, and extends 304 km be-
tween Duluth and the Canadian border.
Eighty-seven percent of the surface area
represents water with depth greater than 73
m, and thermal stratification occurs in late
July, when maximum surface temperatures
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Figure 1.--Lake Superior management zones. Management zones in Minnesota waters
include MN-1, MN-2, and MN-3 (Lake Superior Lake Trout Technical Committee 1986).



range from 12.6°C to 16.8°C (Close et al.
1984).

Most of Minnesota’s North Shore
streams are inaccessible for spawning by
anadromous species due to barrier falls and
gravel bars at the stream mouths. Stream
productivities are low, resulting from unpro-
ductive soils, rocky terrain, erratic flows,
and winter ice scouring (Close et al. 1984).
Lake Superior productivity is also low for
similar reasons, in addition to low tempera-
tures. :

Minnesota waters of Lake Superior
support a commercial fishery for rainbow
smelt, lake herring, and chub (bloaters
Coregonus hoyi and some kiyi C. kiyi). The
sport fishery includes (in decreasing order of
harvest) lake trout, coho salmon, chinook
salmon, rainbow trout, and Atlantic salmon.
Brown trout Salmo trutta and Siscowet trout
Salvelinus namaycush siscowet are taken
occasionally, and pink salmon Oncorhynchus
gorbuscha and brook trout Salvelinus fonti-
nalis are rarely caught (Morse 1989). Lake
trout, chinook salmon, Kamloops strain
rainbow trout, and Atlantic salmon popula-
tions are maintained primarily by stocking,
although native (naturally reproducing) lake
trout are becoming more abundant. Natural-
ized coho salmon migrate from spawning
streams in Wisconsin and Michigan to feed
in Minnesota waters.

Literature Review and Data Compilation

A literature search was conducted to
gather life history information and data
required for bioenergetics modeling of the
primary fish species in Minnesota waters of
Lake Superior. Target species were lake
trout, chinook salmon, coho salmon, steel-
head and Kamloops strain rainbow trout,
Atlantic salmon, sea lamprey, and forage
species. The bibliography in Hewett and
Johnson (1987), and the literature file main-
tained in the Minnesota Department of Natu-
ral Resources (MNDNR) Fisheries Research
office in Duluth were preliminary informa-
tion sources.

Additional information was gathered
through meetings with biologists from vari-
ous resource agencies, including MNDNR,
University of Minnesota, University of
Wisconsin Sea Grant Program, Great Lakes
Indian Fish and Wildlife Commission, Mich-
igan Department of Natural Resources, State
University of New York, and the U. S. Fish
and Wildlife Service: National Fisheries
Research Center - Great Lakes in Ashland,
Wisconsin. Much of the current data on
these species has not yet been published in
peer-reviewed journals, so acquisition of file
data, and references to in-house publications
were essential. Much of this information is
tabulated in Appendices of this report.

The most current data from fish occu-
pying Minnesota waters of Lake Superior
were compiled whenever possible. Data
from fish in other parts of Lake Superior
were used when Minnesota data were un-
available, and data from other waters were
compiled when Lake Superior data were
unavailable. Throughout this study, natural-
ly reproduced lake trout and coho salmon
were called native lake trout and naturalized
coho salmon. Steelhead are the naturalized
anadromous rainbow trout which were intro-
duced into Lake Superior in 1895 (Mac-
Crimmon 1971), and some steelhead are
stripped at the French River Hatchery and
stocked as fry into North Shore streams.
Kamloops strain rainbow trout are an anad-
romous hatchery strain currently being
stocked as yearlings. Because steelhead and
Kamloops strains are stocked at different
sizes, are managed separately, and were
modeled separately, they are distinguished as
separate groups in this study. The two
strains will hereafter be referred to as sim-
ply “steelhead” and "Kamloops."

Lake trout

Temperature.--Lake trout occupy a range
of temperatures, depending on genetic strain
(Elrod and Schneider 1987), life stage,
season, and geographic location (Coutant
1977; Martin and Olver 1980; Wismer and
Christie 1987; Table A2). Temperatures



occupied in nature are often colder than the
preferred temperatures determined in a
laboratory (McCauley and Tait 1970; Elrod
and Schneider 1987). Adult temperature
preferences in Lake Superior are unknown,
but Kitchell and Breck (1980) used 12°C as
the maximum summer temperature, and
Stewart (1980) used 10°C as the maximum
summer temperature for lake trout in bio-
energetics modeling of Lake Michigan.

Temperatures available to salmonines in
this study were estimated from temperatures
of Lake Superior water entering the French
River Hatchery through an intake pipe locat-
ed at a depth of 18.3 m (Table Al). Some
variation in available summer temperatures
was assumed, and the maximum summer
temperature used in lake trout modeling was
10°C (Table A7). Winter temperatures
dropped to 1.1°C. Stocked lake trout were
assumed to occupy the same temperatures as
native lake trout.

Age and Growth.--Lake trout are stocked
into Lake Superior as fall fingerlings (about
8 g) or spring yearlings (about 30 g), and
adults greater than age 15 are rarely seen.
Weights at each age are needed for bioener-
getics modeling, but often only lengths were
reported in the literature. Length-weight
relationships were calculated from available
data, or obtained from other sources, for use
when weights were not reported (Table B2;
Figure B1).

Growth rates of lake trout varied con-
siderably between Lake Huron (Fry 1953),
Lake Michigan (VanOosten and Eschmeyer
1956; Stewart 1980), and Lake Superior
(Dryer and King 1968; Martin and Olver
1980; Schreiner et al. 1989). Growth rates
also varied historically in Lake Superior
(Rahrer 1967; Dryer and King 1968; Hansen
1990). Variation was correlated with chang-
es in the forage base, changes in lake trout
strain as native stocks were eliminated and
hatchery strains were introduced, and gear
bias (Dryer and King 1968; Schreiner et al.
1989; Table B1).

Size at age was obtained for Minnesota
stocked lake trout which had fin clips indi-
cating year-class (Table Bl). Data were

collected by commercial fishermen and
MNDNR personnel using large mesh gill
nets (11.4 - 14.0 cm stretch mesh) in May
and September, and by MNDNR personnel
using small mesh gill nets (3.8 - 6.4 cm
stretch mesh) in July and August. Individu-
al weights were available for fish captured
in small mesh nets, and weights were esti-
mated for large fish using length-weight
relationships (Table B2). The 1989 length-
weight relationship of stocked lake trout in
Minnesota was essentially the same as the
length-weight relationship developed for lake
trout in all of Lake Superior (Figure B1).
Weights used in simulations (Table B7)
approximated the weight at age of Minnesota
fish (Table B1).

Native and stocked lake trout were
modeled separately because the younger fish
appear to grow at different rates. Size at
age determinations for Minnesota’s native
lake trout were unavailable, but young na-
tive lake trout tended to be smaller than
stocked fish in zone MI-3 (National Fisher-
ies Research Center, Ashland, unpublished;
Table B1). An extensive but unanalyzed set
of native lake trout scales is housed at the
Lake Superior Area office of the MNDNR.
The maximum weight attained in simulations
of stocked and native lake trout was 4,200
g.

Diet.--Lake trout diet varies with season,
life stage, and geographic location (Martin
and Olver 1980), but the primary diet item
in Minnesota waters of Lake Superior is
rainbow smelt (Table C1). Historical chang-
es in diet are well documented in the Great
Lakes as the forage base has changed (Law-
rie 1978; Hansen 1990). Diet of lake trout
was compiled into five categories for modei-
ing purposes: rainbow smelt; coregonines
(primarily lake herring, with some chubs);
insects; crustaceans (primarily opossum
shrimp Mysis relicta); and other small salm-
onines (Table C1). The most recent diet
information from gill net assessments in
1990 suggests that consumption of lake
herring by lake trout may be increasing (D.
Schreiner and S. Morse, MNDNR, personal
communication).



Caloric densities (calories/g wet weight)
of diet items were not widely reported. The
caloric value for bloaters in Rottiers and
Tucker (1982) was used for coregonines
(Table C3) because no value for lake herring
could be found. Caloric density for opos-
sum shrimp could not be found, so a value
for Amphipoda (also subclass Malacostraca,
but a different order) was used (Cummins
and Wuycheck 1971). The caloric density
used for small salmonines was an intermedi-
ate value from those reported by Stewart et
al. (1983). The fraction of indigestible
material in the prey items was taken from
the sample data file supplied with the bio-
energetics model: fish and crustaceans =
0.033; and insects = 0.100 (Hewett and
Johnson 1987).

Mortality --Stocking records of fall
fingerlings and spring yearlings provided
initial population estimates for stocked lake
trout (Table D1). A mean of 335,547 lake
trout (fingerlings and yearlings) were
stocked annually from 1975 to 1989. The
relative catch rate of stocked versus native
lake trout of all ages captured in gill nets
allowed an estimate of native lake trout
abundance (D. Schreiner, MNDNR, person-
al communication; Table D2). The age 0
native lake trout population size was calcu-
lated assuming an 89.8% mortality rate for
age 0 lake trout (Ebener et al. 1990).

All lake trout mortality estimates in table
D3 are a combination of fishing mortality
and natural mortality (including mortality
from sea lamprey). Mortality rates for age
0 to age 6 lake trout in Minnesota waters
were assumed to be the same as those re-
ported for Wisconsin management zone WI-
2 (Ebener et al. 1990; Table D3). Mortality
rates for lake trout > age 7 were means
from recent estimates calculated by Schrei-
ner et al. (1988, 1989, 1990) using data
from large mesh gill nets (Table D3).

Spawning.--Lake trout in Minnesota
waters of Lake Superior reach maturity at
ages 6 to 7 (males), or age 8 (females)
(Schreiner et al. 1990). For modeling pur-
poses, first spawning was assumed to occur
in late October at age 7.

The bioenergetics model assumes that
weight loss due to spawning is a fixed pro-
portion of the body weight, and this weight
is subtracted on a particular day of the year
for all cohorts older than the first spawning
cohort. The model assumes that this propor-
tional weight loss is the same for all mature
cohorts, and that all individuals spawn
(Hewett and Johnson 1987). I used 6.8% as
the average spawning weight loss, which is
a value calculated from Lake Michigan lake
trout (Stewart et al. 1983).

Chinook salmon

Temperature.--Literature sources for the
temperature preference of chinook salmon in
Lake Superior were not found. Chinook
salmon preferred temperatures of 6°C to
17.3°C in other waters (Table A3), but in
Lake Superior they appear to occupy tem-
peratures similar to lake trout, with an annu-
al mean approximating 5.5°C (C. Bronte,
National Fisheries Research Center, personal
communication).. Temperatures used in
simulations were similar to those for lake
trout, ranging from 1.1°C to 10.0°C (Table
AT7).

Age and Growth.--Chinook salmon fry
and fingerlings are stocked into North Shore
streams in the spring. These fish migrate to
the lake very soon after stocking (Close et
al. 1989). A weight of 5 g was used for all
chinook salmon smolts, regardless of prior
stocking size.

Weights at each age are needed for
bioenergetics modeling, but often only
lengths were reported in the literature.
Length-weight relationships were calculated
from available data, or obtained from other
sources, for use when weights were not
reported.  Sizes of chinook salmon and
length-weight relationships varied greatly
between Lake Superior and other lakes
(MNDNR, file data; Stewart et al. 1981;
Halseth et al. 1990). However, the length-
weight relationships of chinook salmon
within Lake Superior appeared to be similar
(Figure B2).



A collection of chinook salmon scales is
housed at the Duluth Area Fisheries office
of the MNDNR, but little analysis had been
completed prior to this study. Mean lengths
at age of spawners, and back-calculated
Iengths at age were available from a few
Minnesota fish (Table B3). Scales from
spawning chinook salmon, however, are
poorly suited for back-calculation because of
considerable erosion and resorption of the
scale margin.

Spawning chinook salmon which re-
turned to the French River trap from 1986
to 1989 had a mean length of 836 mm, and
mean weight of 6,548 g, and all fish were
assumed to be age 4 (D. Schliep, MDNR,
personal communication), although they
ranged from age 3 to age 5. Lengths,
weights, and ages of creeled chinook salmon
were available for Michigan waters of Lake
Superior (Michigan Department of Natural
Resources, Marquette Fisheries Station,
unpublished data; Table B3). Weight values
from the various sources varied (Table B3),
but intermediate values were selected for use
in bioenergetics simulations (Table B7).
The maximum weight attained in simulations
was 7,000 g.

Diet.--Diet of chinook salmon varied
among Minnesota’s Lake Superior manage-
ment zones (Conner 1991), but the food
habits within Minnesota waters as a whole
were used in simulations of all life stages of
chinook salmon. Data for fish less than 130
g were unavailable. Diet was grouped into
the same five categories as for lake trout
(Table C2), and the same caloric densities
were used (Table C3).

Mortality.--Stocking records of fry and
fingerling chinook salmon planted in North
Shore streams in the spring provided initial
population estimates (Table D1). A mean of
464,316 chinook salmon fingerlings were
stocked annually from 1986 to 1989; fry
stocking was discontinued after 1987. Chi-
nook salmon return to their stocking streams
as adults to spawn and die. The number of
adults returning to spawn in the French
River is known, but all fish were assumed to
be age 4 (D. Schliep, MDNR, personal

communication), precluding the calculation
of total mortality for each year-class. Annu-
al mortality rates have also not been calcu-
lated for Minnesota chinook salmon.

Simulations of Minnesota chinook sal-
mon (Table D3) used mortality rates similar
to those of Lake Michigan chinook salmon
(Stewart et al. 1981), but mortality rates of
young-of-the-year (YOY) were increased to
account for a lower availability of food, and
lifespan was increased because of the higher
spawning age. Simulations of chinook
salmon included 5 year-classes (age 0 to age
4), and assumed increased mortality at age
3 and older to account for spawning (Table
D3).

Spawning .--Chinook salmon enter Minn-
esota’s North Shore streams to spawn in late
October. Most spawn at age 4, but some
age 3, and fewer age 5 also spawn (Negus et
al. 1990). Recent scale readings indicate
that more age 5 spawners return to the
French River than previously believed (D.
Schliep, MDNR, personal communication),
so future simulations should include age 5.

Coho salmon

Temiperature.--Literature references for
coho salmon temperature preference in Lake
Superior were not found. Sources (Table
A4) suggested that coho salmon prefer war-
mer temperatures than lake trout or chinook
salmon, and coho salmon in Lake Superior
are reported to inhabit water closer to the
surface than other salmonines (J. Selgeby,
National Fisheries Research Center, personal
communication). Winter temperatures in
Minnesota waters of Lake Superior are fairly
uniform, but summer surface temperatures
may reach 12°C to 16.8°C (Close et al.
1984). The winter temperature regime for
coho salmon simulations was the same as for
lake trout and chinook salmon (dropping to
1.1°C), but summer temperatures were
warmer (up to 14.0°C) than for other salmo-

- nines (Table A7).

Age and Growth.--Coho salmon are not
currently stocked in Minnesota waters, but
juveniles (age 1) and adults migrate to Min-



nesota waters to feed. Hassinger (1974)
reported a mean length of 318 mm during
their first summer in the lake, and a mean
length of 528 mm during their second sum-
mer, for coho salmon originally stocked as
yearlings. Some scales have been collected
from creeled coho salmon in Minnesota, but
age and growth determinations have not
been completed in recent years. The most
comprehensive growth data found was from
Michigan waters of Lake Superior (Table
B4), and these compared well with Has-
singer’s (1974) data. The length-weight
relationships for coho salmon in Minnesota
and Michigan waters were similar (Figure
B3), based on creeled fish. A smolt weight
of 32 g (Becker 1983), and weights from
Michigan fish (Table B4) were used in coho
salmon simulations (Table B7). The maxi-
mum weight attained in simulations was
1,362 g, which is equal to the weight of
Michigan coho salmon in November.

Diet.--Coho salmon diet varied by man-
agement zone (Conner 1991), but data from
Minnesota waters as a whole were used in
simulations of all life stages of coho salmon.
Data for coho salmon less than 160 g were
unavailable. The diet was divided into the
same five categories with the same caloric
densities as that of lake trout (Tables C2 and
C3).

Mortality.--Coho salmon smolt in spring
as yearlings, and some migrate to Minnesota
waters to feed. After about 17 months in
the lake, they migrate back to their natal
streams to spawn and die. The mean annual
harvest of coho salmon in Minnesota’s sport
fishery from 1984-1988 was 4,077 (Hansen
1990). The harvests in 1983 and 1989 were
higher, so the overall mean harvest is ap-
proximately 5,000 (Morse 1990). Based on
a light exploitation rate (approximately
10%), the total population of catchable size
(age 2) coho salmon in Minnesota waters of
Lake Superior was estimated at 50,000 fish.
Population abundances used in coho salmon
simulations are given in Table D2, and a
50% annual mortality rate was estimated
(Table D3).

Spawning.--Coho salmon are presently
stocked only in Michigan waters of Lake
Superior, but they reproduce naturally in
other parts of Lake Superior and stray exten-
sively (Hansen 1990). Coho salmon enter
tributaries to spawn from September to
March of their second year of lake life, but
most spawn in October (Hansen 1990).
Little spawning occurs in Minnesota
streams. Simulations in this study ended on
1 November of the second lake year, corres-

ponding with their migration away from

Minnesota waters.
Steelhead

Temperature.--Reported temperature
preferences for rainbow trout ranged from
5°C to 20°C depending on life stage and
location (Table AS5), but most temperatures
were higher than those reported for lake
trout and chinook salmon. Summer tem-
peratures used in simulations reached a high
of 13.0°C, and were intermediate between
those of chinook salmon and coho salmon;
winter temperatures were the same for all
species modeled, dropping to 1.1°C in
March (Table A7).

Age and Growth.--Steelhead are stocked
as unfed swim-up fry in Minnesota’s North
Shore streams. Some age 0 parr are appar-
ently displaced into Lake Superior during
spates (MDNR, unpublished data). Age 2
and age 3 steelhead were captured in the
French River smolt trap in spring 1990;
these fish were most likely smolts, but some
parr marks were still visible. Juveniles
moving downstream were therefore termed
“emigrants,” with no distinctions implied
regarding smoltification. The allocation of
stocked fish into each life history category
for modeling is explained in Table D3.

Size at age of steethead depends on the
number of years spent in a stream and the
number of years spent in the lake. Ages
were reported in "stream years/lake years"
format, which is more informative than total
age. Aging and back-calculation of scales
from spawning, creeled, and smolting steel-
head is in progress at the Duluth Area Fish-



eries office of the MDNR, and the complet-
ed portion of this information was used in
this study (Table B5). These recent data
indicate some size differences from those
reported by Hassinger et al. (1974). Back-
calculated lengths at annulus formation were
reported by Scholl et al. (1979; Table BS)
for steelhead in the Brule River, Wisconsin,
but these fish were more robust than Minne-
sota fish (Figure B4). Wild steelhead popu-
lations in Lake Superior exhibit significant
genetic differentiation between different
drainages (Kreuger and May 1987), which
emphasizes the importance of local data.

Weights were often unreported in the
literature, so weights were estimated from
length-weight relationships. A length-weight
relationship was developed for steelhead
using data from spawning fish returning to
the French River and Knife River in spring
1990, and from age 1 parr in the Split Rock
River in spring 1990 (Figure B4). Weights
of emigrating steelhead were estimated from
fish captured in a smolt trap in French Riv-
er. Data in Table B5 were used to estimate
weight at age for older cohorts in bioener-
getics simulations (Table B7).

When actual weights from young steel-
head were input into the bioenergetics mod-
. el, the maximum ration (P value = 1.0) was
exceeded. Decreasing the weight inputs for
younger fish enabled ration levels to stay
below maximum, and weights at later ages
were increased to make up the difference
(Table B7). The maximum weight attained
in simulations was 3,200 g.

Diet.--The diet of rainbow trout varies
with season and the changing availability of
insect prey (Table C2). Data for fish less
than 350 g in Lake Superior were unavail-
able. Winter dietary proportions were esti-
mated, assuming a lower utilization of in-
sects resulting from their reduced availability
during that season (Conner 1991). Caloric
densities of diet items are listed in Table C3.

Morzality.--Data from an auger smolt
trap in the French River in 1990 suggest that
approximately 918 age O fish, or 0.4% of
the 233,720 fry stocked in the French River
emigrated to Lake Superior in their first

year. The mortality of age 0 emigrants is
extremely high (Hassinger et al. 1974).
Close (in review) reported parr mortality
rates ranging from 84% to 98 % during their
first summer in the stream (Table D3).
Hassinger et al. (1974) reported 94% mor-
tality for juveniles to age 2 or age 3 smolts
(Table D3). These mortality rates during
the stream phase of life, along with stocking
records (Table D1), were used to calculate
the number of steelhead entering the lake.
Bioenergetics simulations of steelhead in
Lake Superior began with these population
estimates, and covered the lake phase of
their life. A mean of 2,350,317 steelhead
fry were stocked annually into North Shore
streams from 1983 to 1989 (Table D1).
Mortality estimates have not been calcu-
lated for the lake phase of steelhead life in
Minnesota waters since Hassinger et al.
(1974), and ages of returning spawners
appear to have increased since that time.
Kwain (1981) reported a 41% annual mor-
tality rate for steelhead returning to Stokely
Creek in eastern Lake Superior. Swanson
(1985) reported mortality rates in Pikes
Creek, Wisconsin ranging from approxi-
mately 50% to 66% for age 3 to age 6 fish,
and 80% to 100% for older fish. Mortality
rates used in simulations were intermediate
between these reported values (Table D3).
The combined mortality estimates of
Close (in review), Hassinger et al. (1974),
Kwain (1981), and Swanson (1985) which
were used to simulate Minnesota fish, were
similar to the lifetime mortality rates of
Pikes Creek steelhead (Swanson 1985),
although they were calculated over some-
what different intervals. The mortality of
steethead in Pikes Creek from eggs to age 1
was 99%, and the mortality from age 1 to
spawning was 95%. These rates were simi-
lar to those used in this study (Table D3),
where the mortality from fry stocking to
emigration at age 2 or 3 was 99% (the
combination of 90% mortality during the
first summer, followed by 94% mortality
from fall to emigration), and mortalities
from strearn emigration to age 2/3, 2/4, 2/5,
and 3/3 were 91%, 96%, 98%, and 88%.



Mortality from eggs to maiden spawners in
Pikes Creek was >99%. Mortality of
stocked fry to age 2/3 (the age of most
French River spawners) was >99%. Inclu-
sion of age 0 emigrants in these calculations
would increase mortality rates.

Spawning.--Steelhead ascend Minneso-
ta’s North Shore streams to spawn from
about mid-April to mid-May, depending on
latitude and temperature. Steelhead may
spawn more than once, but mortality in-
creases at spawning - time due to angler
harvest, stress, and injury.

The age of spawning depends upon life
history strategy. Hassinger et al. (1974)
reported that 75% of the 1961-1965 spaw-
ning runs in Kadunce and Kimball creeks
consisted of age 2/2, 2/3, 3/2, and 3/3 fish,
with a 23% contribution from age 1/2, 1/3,
2/1, 2/4, and 3/1 fish. The 1990 spawning
runs in the French and Knife rivers were
primarily (82%) age 2/3, 2/4, 2/5, and 3/3,
and only 13% were age 2/2, 3/2, 3/4, and
3/5. For model simulations, I assumed that
spawning began in the third lake year on 1
May.

The proportion of weight lost during
spawning was measured for female steelhead
in the Brule River, Wisconsin (Scholl et al.
1984). Females in the size range corres-
ponding to those returning to the French and
Knife Rivers (in Minnesota) lost a mean of
14.7% of their body weight during spawn-
ing. Weight loss for male steelhead was not
measured, but male lake trout lose about
1.4% of their body weight during spawning
(Stewart et al. 1983). Simulation models
require data representative of the average
individual, which accounts for males, fe-
males, and non-spawners, so the proportion
of weight lost during spawning was estimat-
ed at 7%.

Kamloops

Temperature.--Temperature preferences
of Kamloops and steelhead were assumed to
be identical. No additional information was
found.
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Age and Growth.--Kamloops with clips
identifying year-class, and weighing approxi-
mately 100 g, are stocked into the lower
ends of North Shore streams as presmolt
yearlings, about 1 June. These fish leave
the streams soon after stocking. Fin-clipped
yearlings weighing approximately 300 g are
imprinted to French River water, and
stocked into Minnesota waters of Lake
Superior about 1 October (Table D1).
Kamloops fry were stocked into some tribu-
tary steams of management zone MN-3
before 1989.

Kamloops returning to the French River
to spawn in 1990 were measured and aged
by fin clip (Table B6). Back-calculations of
sizes at younger ages were unavailable.
Kamloops up to age 9 were caught in the
French River from 1977 to 1987, but the
majority returned at ages 4 or 5 (MDNR,
file data). Kamloops ages are reported in
total years in this study.

Spawning Kamloops have a length-
weight relationship similar to that of spaw-
ning steelhead (Figure B5). Weights of age
3 to age 5 Kamloops reported in Table B6
provided a basis for weights used in simula-
tions (Table B7); weights of aged fish were
not routinely recorded prior to 1989. The
weight of age 2 Kamloops was estimated
from steelhead weights, since weights for
age 2 Kamloops were unavailable. Weights
of Kamloops age 6 and older were estimated
from the larger fish in the 1990 spawning
run, since weights of older Kamloops were
not available. Kamloops stocked as fry
were assumed to smolt at age 2, at weights
identical to the spring stocked yearlings.
The maximum weight attained in simulations
was 3,700 g.

Diet.--Food habits of Kamloops and
steelhead were assumed to be identical.

Mortality .--Mortality rates for Kamloops
in Minnesota waters have not been reported
in the past, so estimates were made. Kam-
loops fry were assumed to have an instream
mortality rate similar to steelhead fry (Table
D3). Kamloops are particularly vulnerable
to predation when they first enter Lake
Superior, and mortality rates were assumed



to be high in their first lake year. Kamloops
staging near river mouths for about six
months prior to spawning are subject to high
fishing pressure. Stress and injury during
spawning also contribute to mortality (Table
D3). A mean of 483,224 Kamloops (fry,
spring yearlings, and fall yearlings) were
stocked annually from 1983 to 1989; fry
stocking was discontinued after 1988 (Table
D1). Although the numbers and ages of
spawning adults are recorded annually in the
French River, the incidence of repeat spawn-
ing is unknown, so total mortality for each
year-class could only be estimated.

Spawning.--Kamloops enter streams to
spawn in early spring, and may spawn more
than once in their lifetime. Kamloops enter
streams a few days earlier than steelhead,
but often do not ascend as far. Reports
from anglers and other agencies suggest that
some Kamloops stray from their stream of
stocking; spawning fish with Minnesota fin
clips have been captured in Wisconsin and
Michigan streams. Spawning occurs from
ages 2 to 9, but most spawning occurs at
ages 4 and 5. Kamloops may spawn more
than once. The proportion of weight lost
during spawning is assumed to be similar for
Kamloops and steelhead.

Atlantic salmon

Temperature.--Temperature preferences
of Atlantic salmon in Lake Superior have
not been reported. Preferences in other
lakes varied from 12°C to 20°C, depending
on locality (Table A6). Atlantic salmon in
Lake Superior were assumed to occupy
temperatures similar to chinook salmon,
ranging from a low of 1.1°C in winter to
12.0°% in summer (Table A7).

Age and Growth.--Atlantic salmon are
stocked into Minnesota’s North Shore
streams as fry, or into river mouths near
Lake Superior as fingerlings and yearlings.
Fry are stocked about 1 May, fingerlings
about 1 October, and yearlings about 1 June
(Table D1). Fingerlings and yearlings enter
Lake Superior soon after stocking. Atlantic
salmon smolts (originally stocked as fry)

were captured in the French River in May
and June 1990. Eight sampled fish were all
age 2. I used total ages for Atlantic salmon
in this paper, because of the varied life
histories, and the lack of age and growth
information. ‘

Length-weight relationships of Atlantic
salmon from Minnesota and Maine were
similar (Figure B6), but growth rates were
very different (Table B6). Length was
greater at each age in Minnesota, although
measurements were taken in fall rather than
at annulus formation.

Weights used in Atlantic salmon simu-
lations were reduced from those in Table B6
to approximate weight at annulus formation
(Table B7). The maximum weight attained
in simulations was 2,800 g. Age determina-
tions were completed on only 20 spawning
fish from 1988 and 1989, and no creeled
fish, at the time of this study. Back-calcula-
tions of sizes at younger ages were not
done. Most spawning Atlantic salmon that
returned to the French River in 1988 and
1989 were age 4, with some age 3 and age
5.

Diet.--Diet of Atlantic salmon in Min-
nesota waters of Lake Superior consisted
mainly of rainbow smelt (Table C2). Data
for fish less than 1,020 g were unavailable,
but food habits were assumed to be similar
for all cohorts. Winter dietary proportions
were estimated, assuming a lower utilization
of insects and crustaceans resulting from
their reduced availability during that season
(Conner 1991). The caloric densities of diet
items are listed in Table C3.

Mortality.--Sixty-eight smolts (primarily
age 2) were captured in the French River
smolt trap in spring 1990. The trap efficien-
cy was approximately 6.1%, so a total of
about 1,115 smolts, or 1.9% of the fry
stocked in 1988, survived. This survival
may be unusually low considering the severe
1989-1990 winter conditions in North Shore
streams, so the average mortality rate of fry
to smolt was estimated at 96% (Table D3).

Mortality rates for Atlantic salmon in
Lake Superior have not been calculated.
Mortality of fingerlings and yearlings enter-



ing Lake Superior was assumed to be high,
with lower rates at later ages, similar to
those of steelhead and Kamloops. Mortality
was high at spawning time due to stress,
injury, and angling. A mean of 105,007

Atlantic salmon (fry, fingerlings, and year- -

lings) were stocked annually into Minnesota
waters from 1984 to 1989; fry stocking was
discontinued after 1988 (Table D1). Total
numbers of spawning adults returning to the
French River are recorded annually, but
total mortalities for each age-class could
only be estimated due to the lack of age and
repeat-spawning data (Table D3).

Spawning.--Atlantic salmon enter Minne-
sota’s North Shore streams to spawn about
15 October. Ages were determined for 20
of the 37 spawning fish returning to the
French River in 1988 and 1989: 5% were
age 3, 75% were age 4, and 20% were age
5. Spawning Atlantic salmon in Maine
rivers range from age 3 to 10 (Havey and
Warner 1970). Atlantic salmon may spawn
more than once in their lifetime, but repeat
spawning is low.

The weight lost during spawning was
measured for female Atlantic salmon of
Ungava Bay in eastern Canada (Power
1969). Females similar in size to those
returning to the French River lost a mean of
4% of their weight during spawning.
Weight loss for male Atlantic salmon was
unavailable, but was assumed to be similar
to lake trout; approximately 1.4% (Stewart
et al. 1983). Simulation models require data
representative of the average individual,
which accounts for males, females, and non-
spawners, so the proportion of weight lost
during spawning was estimated at 2%.

Sea lamprey

Temperature.--The optimal temperature
range for growth of sea lamprey is 15°C to
20°C. Growth is intermediate at 10°C, and
low at 4°C (Farmer et al. 1977). Sea lam-
prey are subject to the temperature prefer-
ences of their hosts, which were assumed to
be lake trout in this study (Table A7). Thus
temperatures occupied in Minnesota waters
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(1.1°C to 10.0°C) are conducive to slow or
intermediate growth.

Age and Growth.--Sea lamprey ammo-
coetes may remain in streams for 6-8 yr,
with some reports of up to 15 yr (Beamish
1980; Becker 1983). Larvae transform and
migrate downstream to the lake from Sep-
tember to May. Sea lamprey parasitize fish
for 12-20 months before their spring spawn-
ing migration. Sea Lamprey enter Lake
Superior at approximately 4 g, and grow
to about 200 g during their parasitic phase
(J. Heinrich, U.S. Fish and Wildlife Ser-
vice, Sea Lamprey Control Station, personal
communication).

Diet.--Large lake trout appear to be the
preferred prey of sea lamprey (Johnson and
Anderson 1980). Lake trout blood has an
energy density of 765 cal/g wet weight, and
sea lamprey tissue has an energy density of
1,224 cal/g wet weight (Kitchell and Breck
1980). Predator energy density, as well as
prey energy density, is required in the sea
lamprey bioenergetics model.

Mortality.--Most sea lamprey in Min-
nesota waters of Lake Superior have mi-
grated from spawning streams in other states
and Canada. They return to their natal
streams to spawn and die (Becker 1983).
Estimates of sea lamprey abundance in other
parts of Lake Superior have been based on
counts of spawning adults in streams, but
abundance and wounding rates in Minnesota
waters are disproportional to the amount of
spawning habitat. Abundance estimates in
Minnesota waters range from 5,000 to
10,000, with an annual mortality rate during
their parasitic phase of 5% (M. Ebener,
Great Lakes Indian Fish and Wildlife Com-
mission, personal communication). Simula-
tions of sea lamprey began with 8,170 lam-
prey at the start of lake life on 1 October,
declining to 7,500 at the end of their second
lake year.

Spawning.--North Shore streams are
generally unsuitable for lamprey reproduc-
tion due to migration barriers and inadequate
substrate. Spawning occurs in spring, and
feeding ceases prior to spawning. All lam-
prey die following spawning.



Forage species

Forage fish in Lake Superior are subject
to predation pressure by other fish, and
harvest by commercial fishermen. Salmon-
ines in Lake Superior utilize insects and
crustaceans in their diet to varying extents,
but fish are the primary forage (Tables C1
and C2). Rainbow smelt and coregonines,
especially lake herring and chubs (bloater
plus kiyi), are most widely utilized as forage
in Minnesota waters. Rainbow smelt, lake
herring, and chubs comprise the bulk of the
commercial fishery in the Minnesota waters
of Lake Superior (Schreiner and Morse
1990). From 1985 to 1989, the commercial
harvest of rainbow smelt fluctuated between
64.0 and 127.6 metric tonnes, the harvest of
chubs fluctuated between 1.4 and 4.1 metric
tonnes, and the harvest of lake herring
increased from 25.0 to 103.5 metric tonnes.

Forage fish populations are sampled
annually by the U.S. Fish and Wildlife
Service - National Fisheries Research Cen-
ter, Ashland Biological Station, Wisconsin.
Samples are collected during May-June with
a bottom trawl. Tows are made perpendicu-
lar to shore, between the 15 m to 70 m
depth contours. Ten stations are sampled
annually in Minnesota waters. Lake herring
larger than 250 mm were rarely captured in
Minnesota waters, but lake herring of that
size were also rarely found in predator
stomachs. These forage fish samples have
traditionally been used to compare relative
abundance between years, rather than to
calculate biomass.

Bathymetric distribution studies using
bottom trawls (National Fisheries Research
Center, Ashland, unpublished data) show
that 69.6% of rainbow smelt were found in
between the 15-70 m contours, for the entire
lake across all years. The bathymetric
distribution of lake herring, based on aver-
age spring catch in gill nets (set on the
bottom) from 1958-74, indicated 69.4%
were between the 15-70 m contours. Bathy-
metric distribution of lake herring was not
sampled with trawls. The bathymetric dis-
tribution of bloaters, based on average
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spring catch in bottom trawls from 1958-74,
indicated 46.5% were between the 15-70 m
contours.

Biomass estimates for this study have all
been based on bottom sampling, and distri-
butions higher in the water column are
unknown. Total spring biomass for each
species was determined by multiplying the
average catch per hectare by 26,235 hectares
(the surface area of Minnesota waters be-
tween the 15 m and 70 m contours), and
dividing the result by the proportion of the
population found between the 15-70 m depth
contours (Table G1). Argyle (1982) found
that 22% of the smelt in Lake Huron in
spring were not near the bottom and were
therefore unavailable to trawls. Similar data
from Lake Superior were unavailable, but
considering that lake herring are often well
above the bottom and are also found in lake
depths greater than 70 m, biomass estimates
of lake herring are probably greatly underes-
timated.

Theoretically, the total biomass of for-
age fish existing in Minnesota waters of
Lake Superior in one year includes the
biomass at the time of spring sampling plus
the biomass produced during the year.
Production of each year-class and species
can be calculated using the equation,
P=N,W,-N,W, +(N,-N,}(W,-W))/2, where
N, = population number at the time of
sampling in one year, N, = population
number in the next year, W, = mean weight
of individual fish in the first year, and W,
= mean weight of individual fish in the next
year (National Fisheries Research Center,
Ashland, unpublished data). The equation
assumes a linear rate of increase in mean
body weight and a decline in population
abundance. The information needed to
calculate this equation has been collected by
the National Fisheries Research Center, but
production of forage species in Minnesota
waters has not been calculated in recent
years. _

A production:mean biomass (P/B) ratio
of 1.11 was calculated for rainbow smelt in
U. S. waters of Lake Superior, 1978-1981
(National Fisheries Research Center, Ash-



land, unpublished data). P/B ratios have not
been calculated for lake herring or bloaters,
but may be approximately 0.6 - 0.7. Pro-
duction was estimated using these ratios, and
added to the tofal biomass to determine the
approximate amount of forage fish available
within one year (Table G1).

Bioenergetics Methods
Model Simulations

The Generalized Bioenergetics Model of
Fish Growth (Hewett and Johnson 1987)
was used to model consumption based on
growth of the major salmonines in Minne-
sota waters of Lake Superior. Data gathered
for the model included: 1) dates of stocking
into the streams or lake, and dates when
smolts enter the lake; 2) numbers of fish
stocked and numbers of smolts entering the
lake; 3) mortality rates in each year of life;
4) growth (weight) in each year of life in the
lake; 5) temperatures occupied during the
year; 6) food habits, and percentage of each
diet item consumed, preferably during each
season and life stage; 7) caloric density
(calories/g wet weight) of each diet item,
and (for the sea lamprey model only) caloric
density of the predator; 8) percentage of
indigestible material in each diet item; 9)
proportion of total body weight lost in spaw-
ning; and 10) date and age of spawning.

Population estimates and model simula-
tions of chinook salmon, steelhead, Kam-
loops, and Atlantic salmon were based only
on stocked fish. Stocked lake trout were
modeled separately from native lake trout,
and all modeling of coho salmon was based
on naturalized fish. Sea lamprey were
modeled on the assumption that their energy
consumed represented "lost growth" of
salmonines, which in turn represents forage
consumed.

Simulations were run only for the lake
resident portion of each species’ lifespan,
and most were run with 1 June as simulation
day 1 and 31 May as simulation day 365.
Most species entered the lake as smolts or
were stocked about 1 June, and thus their
predatory impact began on that date. Excep-
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tions were age 0 native lake trout which
begin to feed approximately 1 July, lake
trout fingerlings which were stocked in late
October, and some Kamloops yearlings and
Atlantic salmon fingerlings which were
stocked approximately 1 October. Each of
these exceptions was modeled from their
respective simulation day to 31 May. Coho
salmon leave Lake Superior to spawn ap-
proximately 1 November in their second
lake year, and their simulation was terminat-
ed on that date. :

The bioenergetics program contains
models and associated parameters for lake
trout, chinook/coho salmon, and sea lam-
prey. The chinook/coho salmon model
contains several physiological parameters
derived from rainbow trout (Stewart and
Ibarra, in press), and is the most appropriate
model currently available for both rainbow
trout and Atlantic salmon. However, the
intercept for the maximum consumption
function is somewhat inappropriate for these
species (D. Stewart, State University of New
York, personal communication), and simula-
tions of steelhead and Kamloops did not
permit the input of observed growth in the
first two lake years. The consumption rate
(P) needed to accommodate the growth rate
of young steelhead and Kamloops exceeded
1.0 (theoretical maximum ration), because of
the low caloric density of their insect diet.
Consequently, weight inputs had to be re-
duced for the first two years of the simula-
tions, and increased in later years (Table
B7). A rainbow trout model is currently
being developed by P. Rand and D. Stewart
at the State University of New York in
Syracuse.

All stocked lake trout were modeled in
one simulation, with spring stocked year-
lings joining fall stocked fingerlings on 1
June. Stocked lake trout were modeled
separately from native lake trout, to account
for their different life histories, weights in
the first seven years, and mortality rates in
the first five years (Tables B7 and D3).
Temperature, diet, and spawning were mod-
eled the same for native and stocked lake
trout.



All chinook salmon were modeled in the
same simulation, assuming fingerlings and
presmolts entered the lake at the same date
and size. Steelhead were modeled in three
simulations, based on one, two, or three
years of stream life prior to lake life, with
appropriately adjusted mortality rates and
sizes at smolting. The distribution of
stocked steelhead fry into each of these life
history strategies is explained in Table D3.
All Kamloops were modeled in the same
simulation, with spring yearlings and age 2
smolts beginning on 1 June, and fall stocked
yearlings joining the others on 1 October.
Atlantic salmon were modeled in three
simulations, based on stocking size as fry
(into streams), fingerlings, or yearlings.
Sizes and mortality rates were adjusted
accordingly.

Bioenergetics models typically represent
the average individual of a species, but
groups of individuals can be modeled by
adding population estimates and mortalities.
Simulations can be used to determine con-
sumption by all existing year-classes simul-
taneously within a single year (a population
"snapshot"), or they can be used to deter-
mine the consumption by one group of fish
over several years (a year-class "biogra-
phy"). Consumption can be totaled for each
year, or cumulative consumption can be
totaled over many year-classes. I used each
of these scenarios to examine various aspects
of the salmonine predatory impact in Minne-
sota waters of Lake Superior:

1) Baseline data.--The preliminary
modeling effort was aimed at using the most
complete and current data available (Tables
A7, B7, C1, C2, C3, D3) to estimate cumu-
lative consumption by all major salmonines
in Minnesota waters of Lake Superior within
one year, simultaneously (the "snapshot"
approach). These simulations represent all
year-classes extant in 1989, the most recent
year with completed records of spawning
returns and some fish ages.

The influence of sea lamprey on sal-
monines was investigated in additional simu-
lations. Sea lamprey affect salmonine popu-
lations by causing increased mortality and
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decreased growth, and were modeled be-
cause of their indirect impact on the forage
base. The total mortality rates used in all
salmonine simulations included mortality due
to lamprey predation, but impacts on con-
sumption were addressed separately. Two
year-classes of sea lamprey were simulated
assuming a lake trout diet, and lake trout
temperature regime. The output from the
simulation (grams of lake trout consumed)
was added to the production of age 7 lake
trout, and the lake trout simulation was
redone to determine the theoretical amount
of forage consumed by sea lamprey via lake
trout.

2) Species-specific predatory impacts.--
Simulations of each species, starting with
hypothetical stockings of 100,000 fish, were
used to determine the relative predatory
impact of each species. These simulations
followed each group of stocked fish through
each year in its lifespan (the "biography”
approach; this would be the same as a
"snapshot” of the population, if 100,000 fish
had been stocked annually). Cumulative
consumption was totaled for the lifespan of
each stocking group. Unlike the baseline
simulations, this scenario eliminated the
effect of varied stocking levels, and demon-
strated how all the other variables associated
with each species influenced forage con-
sumption. Populations stocked into streams
were reduced by appropriate mortality rates
(Table D3) before they entered the lake.
Temperatures, growth, diets, and mortality
rates were consistent with baseline data.

3) Distribution of predation over time.--
Total consumption during each year was
calculated to track consumption by each
year-class of each species. This scenario
demonstrated how declining population
abundance and increasing growth rate exert
a combined effect on consumption. Simu-
lations began with 100,000 fish of each
species at each stocking size, and the age of
greatest predatory impact was determined.
Temperatures, growth, diets, and mortality
rates were consistent with baseline data.

4) Predatory impacts of individual fish.--
Individual fish from each species and stock-



ing size were modeled for a simulated life-
time, to compare their relative consumption
of forage fish. Simulating the consumption
by one fish eliminated the influence of mor-
tality rates encountered in previous simula-
tions. Cumulative consumption at each age
was calculated. The relative “costs,” in
terms of forage, of individuals at equal size
or lifestage were compared. Temperatures,
diets, and growth were consistent with base-
line data.

5) Predator growth as an indication of
prey availability.--The bioenergetics model
was used to simulate growth at given levels
of consumption, rather than to simulate
consumption at known growth rates. Lake
trout and chinook salmon growth were
simulated using different levels of consump-
tion, to mimic changes in prey availability.
The P value in the bioenergetics model
represents the proportion of maximum ration
actually consumed by the fish, based on
current temperature and fish size, and can be
related to prey availability. Baseline P
values (determined for fish sampled in 1989;
Table H1) were increased or decreased by
0.1 (10% of the maximum ration) to simu-
late the growth of each year-class under
conditions of increased or decreased prey
availability.

Simulations of each year-class were run
beginning with baseline starting weights,
plus increased or decreased rations, to deter-
mine changes in final weight after one year.
Additional simulations were run over multi-
ple year-classes, using the final weight
achieved in each year as the starting weight
for the next year, to determine the changes
in growth after several years of increased or
decreased ration. Rainbow trout and Atlan-
tic salmon simulations were not run, because
their simulations utilized the chinook/coho
model with a maximum consumption inter-
cept less suited to other species.

Sensitivity Analysis
Sensitivity analyses similar to those of

Kitchell et al. (1977) and Stewart et al.
(1983) were performed on the model vari-
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ables, which require data specific to each
population. Model parameters (included in
the consumption models, respiration models,
and egestion/excretion models) were not
changed. I simulated consumption by one
individual of each species using baseline
data. I then repeated each simulation, modi-
fying one variable at a time by increments of
+ or - 10%, to demonstrate the effects of
modifications in each variable. Variables
that did not lend themselves to 10% modifi-
cations were incremented appropriately, e.g.
spawning was either present or absent. All
diets were reduced to one item, rainbow
smelt, to simplify comparison of total con-
sumption.

Sensitivity analyses were performed on
populations of lake trout and chinook sal-
mon, to evaluate the effects of input varia-
tions over multiple year-classes. Simula-
tions of more than one fish also permitted
evaluation of changes in mortality rates, age
of first spawning, and growth distribution
between years. Mortality was incremented
+ or - 10% of the numerical value; for
example, if the baseline mortality was 89%,
simulations were run at mortalities of 89 +
89 = 979% and 89 - 89 = 80.1%.
When the addition of 10% to the mortality
exceeded 100%, the simulation was termi-
nated with that year-class. Fifteen year-
classes of lake trout and 5 year-classes of
chinook salmon were modeled, beginning
with populations of 500,000 fish.

Bioenergetics Results
Model Simulations

Baseline data.--The estimated amount of

“forage fish consumed in 1989 (Table F1)

plus the amount harvested commercially
greatly exceeded the estimate of total forage
fish biomass plus production (Table G1).
Consumed and harvested rainbow smelt
totaled approximately 2,900 metric tonnes,
while initial- biomass plus production was
about 185 metric tonnes. Consumed and
harvested coregonines totaled approximately



350 metric tonnes, while initial biomass plus
production was about 62 metric tonnes.

Simulations of all year-classes extant in
1989 revealed that lake trout (stocked and
native) were responsible for 56.7% of the
consumption of rainbow smelt and 83.1% of
the consumption of coregonines (Table F1).
Chinook salmon consumed 25.8% of the
rainbow smelt and 6.5% of the coregonines.
Coho salmon consumed 8.2% of the rain-
bow smelt, and 9.1% of the coregonines.
Consumption of rainbow smelt and coregon-
ines by all other species was 9.4% and 1.4%
of the total consumption (Table F1).

Kamloops were responsible for 51.4%
of the consumption of insects, lake trout
consumed 21.0%, steelhead consumed
11.2%, coho salmon consumed 8.4%, chi-
nook salmon consumed 7.8%, and Atlantic
salmon consumed 0.2% (Table F1). Lake
trout were responsible for 55.3% of the
consumption of crustaceans, chinook salmon
consumed 31.8%, coho salmon consumed
10.6%, and Atlantic salmon consumed 2.1%
(Table F1).

Sea lamprey simulations yielded a con-
sumption estimate of 6.554 x 10° g of salm-
onine prey. Adding this biomass to lake
trout production demonstrated the indirect
impact of sea lamprey on forage fish. Lake
trout consumption of rainbow smelt in-
creased by 1.19% (1.7 x 10’g), coregonines
by 1.28% (2.4 x 10°), insects by 0.84%
(1.0 x 10%), crustaceans by 0.17% (2.0 x
10°g), and other fish by 1.14% (1.4 x 10°g).
Mortality caused by sea lamprey is a sepa-
rate effect, and was included in total mortal-
ity estimates for lake trout.

Species-specific - predatory impacts.—-
Consumption estimates were highly depen-
dent upon mortality rates of each species, so
the populations having the lowest mortality
rates were responsible for the highest con-
sumption (Tables D3 and F2). Lake trout
stocked as spring yearlings, with their rela-
tively low mortality rates and long lives,
consumed the most forage fish. Fish
stocked as yearlings were generally responsi-
ble for the greatest consumption of rainbow
smelt and coregonines. Chinook salmon
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(stocked as fry and fingerlings) were the
exception, consuming the second highest
amount, because they spend little time in
streams, grow rapidly, and require many
calories. Other species stocked as fry and
fingerlings undergo high mortality during
the stream phase of their life, and subse-
quent consumption of forage in the lake is
relatively low.

Distribution of predation over time.--The
age at which each species exerts the greatest
influence on the forage base is shown in
Table F3. Consumption is greatest during
the year following the formation of the
annulus ("age") given. Predatory impacts of
Kamloops and Atlantic salmon yearlings are
greatest in the first year after stocking.
Atlantic salmon fingerlings show their great-
est impact during the second year after
stocking, and chinook during the third year
after stocking. Steelhead and Kamloops fry
have their greatest impact during the fourth -
year after stocking; lake trout yearlings have
the greatest impact during the sixth year,

‘and fingerlings during the seventh year,

after stocking.

Relative predatory impacts of individual
Jish.--Cumulative consumption of forage fish
by one predator fish of each species and
stocking size is given in Table F4. Weights
of consumed rainbow smelt and coregonines
were totaled for comparative purposes.
Stocking size generally had little effect on
cumulative consumption compared to the
species effect.

Chinook salmon are apparently the most
efficient at converting forage fish to growth.
A 3,000 g (age 3) chinook salmon has con-
sumed 10,472 g of forage fish, a 3,000 g
(age 5) Atlantic salmon has consumed over
17,076 g of forage fish, and a 3,000 g (age
12) lake trout has consumed about 26,000 g
of forage fish. A 3,000 g steelhead or
Kamloops has consumed about the same
amount of forage fish as a chinook salmon,
but their growth is slower, and their diets
include a greater percentage of insects and
crustaceans (Tables C1 and C2).

However, chinook salmon also consume
the greatest quantity of forage fish per unit



time, and the typical spawning chinook
salmon caught by anglers has "cost" far
more, in terms of forage, than other species
(Table F4). A spawning coho salmon,
steethead (age 2/3), Kamloops (age 4 or 5),
or Atlantic salmon (age 2/2) has consumed
only 10-30% of the forage fish consumed by
a spawning chinook salmon (age 4). Lake
trout between ages 6 and 9 (the ages most
caught by anglers; Morse 1989) have con-
sumed only 23-41% of the forage fish con-
sumed by spawning chinook salmon (age 4).

Predator growth as an indication of prey
availability.--Weight at age attained by lake
trout utilizing several simulated prey avail-
abilities is shown in Figure H1. Weight at
age attained by chinook salmon utilizing
several simulated prey availabilities is shown
in Figure H2. Mean weights for fish in
each year-class in 1989 are shown in the
baseline data lines. Baseline growth is the
weight difference between successive years.
Weight attained after one year of increased
or decreased ration should be compared to
baseline weight in the preceding year to
determine growth for that year. Growth
achieved while utilizing increased or de-
creased rations over all years can be calcu-
lated by comparing weights in successive
years at that ration.

Increased ration caused lake trout and
chinook salmon growth to increase, and
decreased ration caused growth to decrease
relative to baseline levels. One year of
reduced ration caused lake trout to gain little
or no weight at several ages (or sizes), and
even caused weight loss at some ages (or
sizes). Reduced ration over many years
provided only enough energy for mainte-
nance of lake trout, with little or no surplus
for growth. Reduced ration over one or
many years provided sufficient energy for
chinook salmon growth at every age.

Sensitivity Analysis

Single fish sensitivity analyses (Table
El) gave results similar to whole population
sensitivity analyses. Sensitivities determined
from simulations of one age 7 lake trout
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were within 1% of those determined from
simulations of an entire lake trout popula-
tion, for changes in prey caloric density,
indigestible fraction, temperatures, weights
(increased only), and proportion of weight
lost during spawning (Table E1). Ten per-
cent reductions of all weights of the lake
trout population caused cumulative consump-
tion to decrease 9.1%, compared to a 6.8%
consumption decrease for the single fish.
Raising the population’s spawning age by
one year caused cumulative consumption to
decrease 1.4%, and lowering the spawning
age one year caused cumulative consumption
to increase 2.1%. Increasing all mortality
rates of the population by 10% caused cu-
mulative consumption to decrease 12.0%,
and decreasing all mortality rates by 10%
caused consumption to increase 14.7%.
Increasing the growth of age 2 lake trout by
10%, and reducing the subsequent growth of
age 3 lake trout, caused cumulative con-
sumption to increase 0.5%.

Sensitivities determined from simulations
of one age 3 chinook salmon were within
1% of the sensitivities determined from
simulations of an entire chinook population,
for changes in prey caloric density, indigest-
ible fraction, temperatures, and weights
(decreased only)(Table E1). Ten percent
increases in all weights of the population
caused cumulative consumption to increase
11.1%, compared to a 12.2% consumption
increase for the single fish. Increasing all
mortality rates of the chinook salmon popu-
lation by 10% (and raising the age 4 annual
mortality rate from 99% to 100%) caused
cumulative consumption to decrease 46.3%,
and decreasing all mortality rates by 10%
caused consumption to increase 60.8%.

Discussion
Data Compilation

Temperature.--Temperature selection by
an individual fish appears to be influenced
by available temperature, preferred tempera-
ture, and acclimation temperature (Neill and
Magnuson 1974; Stewart 1980). Food



availability, predator or competitor avoid-
ance, light intensity, dissolved oxygen,
season, strain of species and geographical
location also may affect temperature selec-
tion (Magnuson et al. 1979; Stewart 1980;
Negus et al. 1987). Beitinger and Mag-
nuson (1975) suggest that lake trout will
occupy the warmest available temperature up
to but not exceeding their preferred tempera-
ture. Field observations of lake trout, how-
ever, suggest that they normally occupy a
temperature at least 2°C lower than the
laboratory determined preferendum (Ferg-
uson 1958; Elrod and Schneider 1987).
Age and Growth.--The bioenergetics
model requires input of weights at known
ages, and these data were unavailable for
some Minnesota salmonines, particularly at
the juvenile stage. The length-weight rela-
tionships for chinook salmon, steelhead,
Kamloops, and Atlantic salmon (Figures B2,
B4, BS, and B6) were derived from spawn-
ing fish, and may be less accurate for
younger fish. Weights from spawning fish
were not consistently recorded until recently.
Data obtained from creel surveys were
usually lacking weight or age information.
Weights attained by salmonines are depen-
dent upon temperature and forage, which
vary between different locations in Lake
Superior. Some species appear to have
similar Iength-weight relationshipsregardless
of location, but sizes at age may vary con-
siderably. If we are going to use and devel-
op better energetics models in the future,
collection of weight data should be routine.
Diet.--The diet information in this report
was obtained primarily from fish captured
* by anglers and charter boat operators. Diet
may vary further offshore, so information
from the mid-lake is needed. Diet informa-
tion for small fish in Minnesota waters was
available only for lake trout. Winter diet
information was also limited, but this infor-
mation is important because piscivory may
increase in winter following declines in
insect and crustacean prey. The diets of
chinook salmon and coho salmon appear to
vary depending on management zone (Con-
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ner 1991), so collections should be made
from multiple locations.

Diet data are often poorly suited for use
in bioenergetics modeling. Dietary input
should be in the form of percentage by
weight of diet items. Percentage by volume
is roughly equivalent to percentage by
weight for aquatic organisms, and is recom-
mended when weight cannot be readily
measured. Diet information reported as
percent occurrence is difficult to use; each
prey type can be converted to weight if the
number of items is known, but this approach
is tedious.

Caloric densities of many prey items
were not readily available, and the bioener-
getics model is particularly sensitive to
changes in energy density of prey (Beauch-
amp et al. 1989). The wide range of energy
densities reported for invertebrate and fish
species creates a potential for significant
variation in estimated consumption, if calor-
ic data from one species is substituted for
another (Beauchamp et al. 1989). Caloric
densities of some species also change with
the season. Inaccuracies in dietary rations
of high calorie items create greater errors in
consumption estimates. Lack of data on
lake herring, opossum shrimp, and other
fish in this study may have contributed to
some inaccuracy.

Food habits of salmonines may reflect
changes in rainbow smelt and coregonine
populations. Periodic assessment of diet
information is needed to determine the im-
pact of each predator species on the forage
base, particularly if forage stocks are in
danger of overexploitation. If predator
stocks switch to heavy utilization of recover-
ing lake herring stocks, that prey species
may be threatened once again. Diet infor-
mation may be obsolete in less than 5 years.

Mortality.--Mortality rates in Minnesota
waters have only been calculated for lake
trout. The number of smolts produced from
fish stocked into streams is largely un-
known, although steelhead smolt abundance
has been estimated in the past, and is cur-
rently being researched. Mortality estimates
of lake fish are confounded by repeat spawn-



ing, inadequate age information, and the
difficulty of obtaining mortality rates of
juvenile fish. Simulation results were sensi-
tive to variation in mortality rates, so in-
creased emphasis on determination of mor-
tality rates is warranted.

The contribution of naturally reproduced
salmonines other than lake trout is unknown.
This study indicated that the dynamics of all
species must be understood for effective
management to occur.

Spawning.--Data on numbers and sizes
of spawning chinook salmon, steethead, and
Kamloops have been obtained using the
French River and Knife River traps. These
traps offer the potential to gather additional
information such as numbers of repeat spaw-
ners, percentage of weight lost during spaw-
ning, annual mortality rate, and growth,
which is needed to develop realistic bioener-
getic simulations.

Forage species.--The forage fish samp-
ling done by the National Fisheries Research
Center has provided valuable data for assess-
ing relative abundance and comparing rela-
tive densities between species (Hansen
1990). However, I have shown that biomass
estimates derived from those data are almost
certainly underestimates. Given the biomass
estimates, no reasonable level of production
could support the commercial fishery and
estimated predation pressure. I suggest that
the most critical information need is for
reliable forage biomass estimates, accounting
for midwater fish.

Rainbow smelt and lake herring popu-
lations in Lake Superior have been relatively
unstable over the past 30 years (Hansen
1990). Since many of the predator species
currently rely on stocking to sustain their
populations, fisheries managers are in a
position of control over predatory impacts.
The very fact that prey populations are
unstable emphasizes their vulnerability to
overexploitation, and increases the need to
assess stocking plans bioenergetically.

Stewart et al. (1981) warned of the
danger of overstocking salmonine predators,
which were found in Lake Michigan to
consume alewives (and other prey) at rates
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more proportional to their own than to
alewife densities. A weak year-class of prey
fish would then be subjected to intense
predation pressure, which could amplify
prey population cycles and result in a catas-
trophic decline in stocks. A rapid switch to
other forage species could similarly depress
the other forage populations before any
management action based on stocking rates
could be effective (Stewart et al. 1981).
This warning should be heeded in Minnesota
waters of Lake Superior, where predator
stocking is high, rainbow smelt populations
are rapidly declining, and high hopes are set
on the recovery of lake herring stocks.

Model Simulations

Baseline data, and species-specific pred-
arory impacts.--Lake trout, chinook salmon,
and coho salmon are responsible for con-
suming the greatest portion of forage fish in
Minnesota waters of Lake Superior. Stock-
ing of lake trout and chinook salmon could
be modified to alter predation pressure.
Since coho salmon have become naturalized,
controlling their numbers would be much
more difficult.

The preference for low temperature,
lower and slower individual consumption of
forage fish, slow growth, and slow response
to fluctuations in the forage base are indica-
tions that lake trout is a species naturally
adapted to the cold and unproductive waters
of Lake Superior. Chinook salmon, which
consume large amounts in a short time,
could be formidable competitors if forage
fish are limiting. Atlantic salmon, also
highly piscivorous, is another potential
predator. However, the future of Atlantic
salmon in Minnesota waters is dubious, due
to their low survival, and the possible cessa-
tion of stocking. Potential for competition
is also posed by coho salmon, steelhead, and
Kamloops. The actual presence of competi-
tion may only be confirmed by demonstrat-
ing a limiting forage base.

Although indirect forage consumption by
sea lamprey was relatively low, there may
be more subtle affects on consumption. The



energy density of host blood declines during
the sea lamprey attack (Cochran and Kitchell
1989), but these simulations did not reflect
a caloric decrease. Salmonines attacked by
sea lamprey experience increased stress and
infection (Kitchell and Breck 1980; Cochran
and Kitchell 1989), which may affect their
metabolism, food conversion efficiency, and
activity. Basic model parameters may vary
somewhat for parasitized fish. The insensi-
tivity of the model to parameter errors (Kit-
chell et al. 1977; Stewart et al. 1983) should

minimize the importance of these differences .

however.

Lifetime consumption of a species per
100,000 stocked is presented in Table F2,
assuming diets, mortality rates, tempera-
tures, and growth rates remain at the levels
determined for 1989. Consumption at other
stocking levels could be predicted from this
table if other variables remained unchanged.

Distribution of predation over time.--The
consumption of forage fish over time varies
greatly between species. Predatory inertia is
a term applied to the time from stocking
until the greatest predatory impact has oc-
curred (Stewart 1980). The inertia for each
species can be derived from Table F3 by
determining the time from stocking of each
size fish to the age at which greatest total
consumption occurs.

Predatory inertia is a measurement of
the time lag that typically occurs between
any management action and the effect on a
fish community. Predatory inertia indicates
the suitability of a species for short-term
management manipulations in response to
forage fish fluctuations. Some species, such
as Kamloops yearlings, have their greatest
predatory impact when they are young due
to their abundance. Others, such as lake
trout, have their greatest impact at a higher
age because the huge increase in individual
consumption overshadows the decline in
population up to that point.

Kamloops and Atlantic salmon yearlings
have the least predatory inertia, but in-
creased time in the hatchery makes them
equivalent to Atlantic salmon fingerlings in
terms of production for forage fish mani-
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pulations. Steelhead and Kamloops fry have
a 4 year predatory inertia, but require very
little hatchery expense. Steelhead and Kam-
loops consume more insects than fish (Table
C2), however, making them less effective
for forage fish manipulations.

Lake trout have the greatest predatory
inertia of all salmonines stocked by Minne-
sota, and therefore have the least potential
for short-term forage base manipulations.
Lake trout currently exert the greatest im-
pact on the forage base, since they have
considerably longer lifespans than chinook
salmon (Tables F3 and F4). Lake trout
restoration was the original focus of Lake
Superior rehabilitation efforts, and preserv-

ing lake trout stocks and forage remains a :

primary concern of managers and anglers.

Manipulating the stocking quotas of other -

salmonine species should therefore be imple-
mented to the advantage of lake trout (Bus-
iahn 1990).

Chinook salmon have low predatory
inertia (Table F3), are inexpensive, and
consume a large amount of forage fish dur-
ing their lake life (Table F4). Consumption
of forage fish by chinook salmon is second
only to consumption by lake trout. Manipu-
lation of chinook salmon stocking quotas
may be a particularly efficient way to mani-
pulate forage abundance. If forage popula-
tions are depleted, a decrease in stocking
quotas of chinook salmon could make a
significant difference in a relatively short
time.

Predator growth as an indication of prey
availability.--The relationships between
salmonine predators and their prey have

- been examined thus far by comparing the

quantity of forage consumed to the quantity
of forage available. An alternate approach
is to examine the potential growth of salmo-
nines under conditions of increased or de-
creased prey availability. Kitchell (1983)
stated that the energy consumed by a fish is
allocated in a hierarchical fashion, with me-
tabolism, specific dynamic action, and waste
losses taking precedence over growth.
Surplus energy expressed as growth is thus



the most variable component in the energy
budget.

Figure H1 suggests that lake trout in the
Minnesota waters of Lake Superior are
living in a tenuous position, because de-
creases in prey availability could seriously
affect growth. Reduced ration for even one
year could result in little or no weight gain,
so changes in mean weight at age could
signal changes in prey availability. Figure
H2 suggests that chinook salmon in Minne-
sota waters of Lake Superior are living well,
with plenty of surplus energy for growth. If
their ration is reduced, growth rate is only
slowed. The change in growth rates be-
tween various rations is considerably less for
chinook salmon than for lake trout.

Changes in relative abundance of rain-
bow smelt versus lake herring may also
contribute to changes in growth of predator
species. If rainbow smelt continue to de-
cline and lake herring increase, salmonine
predators may shift to utilize the most abun-
dant prey. Differences in prey caloric den-
sity would alter the growth rates of fish
utilizing the different prey.

Forage fish.: consumption versus biomass
discrepancy.--The poor correlation between
predicted consumption and forage availabili-
ty could be attributed to several factors: 1)
inaccurate consumption estimates due to
parameter errors in the bioenergetics model;
2) inaccurate prey caloric densities, incom-
plete diet information, inaccurate mortality
or growth rates; 3) lack of knowledge about
salmonine migration and consumption out-
side Minnesota waters; or 4) underestimated
forage biomass. Some of these factors may
be more significant than others.

The bioenergetics models have been
found to be quite robust in spite of param-
eter changes, when used to predict consump-
tion based on growth (Kitchell et al. 1977;
Stewart et al. 1983; and Bartell et al. 1986).
A model designed for largemouth bass Mi-
cropterus salmoides was verified when
predicted consumption fell within 8.5% of
measured consumption (Rice and Cochran
1984).
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The quality of data used in this study
influenced accuracy, but probably not
enough to account for the forage base dis-
crepancy. Prey caloric densities were simi-
lar to those used in other models, with fairly
reliable results (Kitchell and Breck 1980;
Stewart et al. 1983). Mortality rates, al-
though not calculated from Minnesota stocks
in every case, were similar to those calculat-
ed in other parts of Lake Superior (Table
D3). Mean weights at each age may change
as more-accurate data become available, but
the range of weights attained in the lifetime
of the fish were based on reliable data.
Variation of weight at each age had little
affect on consumption estimates.

Minnesota’s boundaries in Lake Superior
are biologically arbitrary, as many of the
anadromous species are known to stray or
migrate across large portions of the lake.
Forage in other parts of the lake may be
utilized by fish stocked in Minnesota, but
the reciprocal also may be true. The trade-
off of forage between different parts of the
lake was assumed equal; consistent migra-
tion patterns for optimal foraging were
considered unlikely with stocked fish.

Incomplete biomass estimates of forage
fish are the most likely source of disagree-
ment between consumption and availability.
Sampling of rainbow smelt and coregonines
with bottom trawls in Lake Superior is
extremely difficult, due to lake size, depth,
steep contours, gear biases, and distribution
of the fish in the water column. The wide
fluctuations exhibited in total biomass and
mean size of the individuals sampled are
evidence of these problems (Table G1).

Sensitivity Analysis

Bioenergetics models are composed of
parameters consistent with the physiology of
the modeled species, and variables consis-
tent with the modeled population. Kitchell
et al. (1977), Stewart et al. (1983), and
Bartell et al. (1986) performed sensitivity
analyses on bioenergetics models by varying
parameter values. These sensitivity analyses
verified the general robustness of the basic



physiological components of the bioenerget-
ics model, especially for estimating con-
sumption based on growth. 1 tested the
output sensitivity to input variable modifica-
tions rather than parameter modifications
(Table E1). My analyses will be used to
focus sampling efforts toward data requiring
the greatest precision.

Changes in model outputs which are
smaller than the +10% input modifications
suggest a low sensitivity. Outputs were least
sensitive to the indigestible fraction of diet
items, spawning weight loss, temperature,
and spawning age (Table E1, and Sensitivity
Analysis Results). Outputs were most sensi-
tive to mortality rate, weight, and prey
caloric density. These analyses tested the
output sensitivity when all values for a
particular variable were changed, and thus
represent maximum output errors. Errors in
individual data points for simulations of
many year-classes would result in much
smaller output errors.

Inclusion of more than one fish in a
simulation results in a direct multiplication
of predicted consumption, so a 10% modi-
fication in population abundance translates
directly into a 10% change in output (con-
sumption). Mortality rate modifications thus
affect predicted consumption, but the output
change depends on the age at which the
mortality modification occurs. Modifica-
tions in mortality rates of young fish, which
affect large numbers of individuals in all
subsequent years, have more serious conse-
quences than modifications in mortality rates
of older fish. Overestimating the growth of
younger cohorts in a population, and subse-
quently underestimating the growth of an
older cohort causes a slight increase in total
consumption, because more fish are affected
by the growth increase in the younger year-
class.

Information Needs

Improved estimates of forage fish bio-
mass are essential for evaluating the signifi-
cance of consumption estimates, and there-
fore supersede the data requirements for
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bioenergetics modeling. The information

compiled for simulations of fish in Minneso-

ta waters of Lake Superior revealed data

shortages in several areas, and sensitivity

analyses provided a means to identify and

prioritize the information most critical to the

accuracy of the bioenergetics models. The
types of information needed, and some

prospective data sources are outlined.

1) Computations of forage fish biomass
are needed that account for fish at all depths
and positions in the water column. Hydro-
acoustic sampling, in combination with the
bottom trawls to estimate numbers of fish on
the bottom unavailable to hydroacoustic
gear, and midwater trawls to determine
species composition, would provide a meth-
od to sample forage populations more accu-
rately and extensively than methods used in
the past.

2) An accurate computation of produc-
tion by each species of forage fish is neces-
sary to determine the amount available for
consumption or harvest. Updated population
assessments of forage fish could be used for
these calculations. Production by year-class
can be calculated, and updated P/B ratios
developed.

3) Diet information from different size
groups of each predator species, during each
season, near shore and offshore should be
updated about every five years, as the forage
populations fluctuate. Accurate consumption
estimates based on this diet information are
essential to predicting impacts of each spe-
cies on the forage base. Accuracy also
depends on few "unidentified” items. Diet
items must be reported as percentage by
weight (preferably) or by volume. The Lake -
Superior Area of the MDNR is currently
collecting diet information on lake trout as
percent occurrence.

4) Determinations of caloric density are
needed for each species identified in the
diets of salmonines, especially lake herring
and opossum shrimp.

5) Age and growth information is need-
ed for each species of salmonine in Minne-
sota waters. Weights are particularly impor-
tant for the bioenergetics model, and chang-



es in mean weight at age could be an indica-
tion of changes in prey abundance or species
utilized. The Duluth Fisheries office of the
MDNR has a large collection of scales from
most salmonine species, and weight data are
now being collected. Most scale samples
have been taken from spawning fish, but
scales of some creeled salmonines are avail-
able. Duluth Fisheries personnel are now
aging spawning chinook salmon, steelhead,
Kamloops, and Atlantic salmon (Spurrier
1991a, 1991b), and back-calculation of size
at age will be done. The accuracy of back-
calculations would be increased if scale
samples from creeled and immature fish
were used, since erosion and resorption of
scales from spawning fish (especially chi-
nook salmon) render them unreliable for
back-calculations. Detailed age and growth
information from both native and stocked
lake trout is needed, and using polished
otoliths would be most accurate for fish
>age 7. Weisberg’s (1987) growth model
enables one to separate year effects from age
effects on growth, and could be used to
develop a biological chronology of growth
s0 changes can be readily identified.

6) Mortality rates are needed for each
species of salmonine in Minnesota waters at
all life stages. Determining the smolt pro-
duction for species stocked into streams is
critical for beginning population estimates in
the lake. A research project is underway at
the Duluth MDNR to estimate smolt produc-
tion indirectly by determining stream mortal-
ities of juvenile steelhead. The proposed
construction of weirs with smolt traps at the
mouths of three streams may provide a
means to sample anadromous species direct-
ly, and to determine the relationship between
smolt production and adult survival.

The Duluth Fisheries office is tagging
spawning steelhead and Kamloops to provide
information on repeat spawning and mortali-
ty rates. Repeat spawning information also
may be obtained from scale samples, at least
for steelhead (Swanson 1985).

7) The extent of natural reproduction
for each species of salmonine in Minnesota
waters should be determined to increase the
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accuracy of abundance estimates. Natural
reproduction of anadromous species is cur-
rently being monitored by electrofishing
below the barriers of some North Shore
streams (MDNR, stream assessments), but
population estimates are not routinely done.
A lakewide marking study, begun in 1988,
will measure the extent of natural reproduc-
tion by chinook salmon. Natural reproduc-
tion of lake trout is monitored using egg
traps and relative catches of clipped versus
unclipped fish in gill nets (Schreiner et al.
1988, 1989, 1990).

8) Tagging studies to determine the
extent of migration and straying are needed,
especially if bioenergetics modeling is pur-
sued for greater portions of Lake Superior.
Feeding history may depend on location,
since the relative abundances of forage
species vary in different parts of the lake
(Hansen 1990). Migrations also may affect
temperatures occupied, survival,population
estimates, growth rate, and strain encoun-
tered for each species.

9) Bioenergetics models developed
specifically for rainbow trout and Atlantic
salmon are needed for more accurate predic-
tions of forage consumption. A rainbow
trout model is currently being developed at
the State University of New York in Syra-
cuse by P. Rand and D. Stewart.

10) Temperatures occupied by each
salmonine species in Minnesota waters of
Lake Superior in each season are largely
unreported. Collection of temperature data
during routine lake trout assessment could
improve the accuracy of lake trout simula-
tions. Charter fishermen also may have
some knowledge of temperatures occupied
by salmonines in different seasons.

11) Bioenergetics models adapted for
different life stages (especially juveniles)
would improve accuracy, and might provide
a means of predicting consumption, growth,
and survival in the stream phases of anadro-
mous species.

In summary, fisheries biologists from all
agencies on Lake Superior should continue
to work toward standardization of data
collection, increased computerization, in-



creased accessibility of basin-wide databases,
and increased emphasis on multispecies
management. Bioenergetics modeling of the
species stocked by Minnesota is a step to-
ward these objectives. It is hoped that this
study will serve as a reference for continued
modeling of fish stocks within Lake Superi-
or, and contribute to future management
strategies.

References

Anderson, E. D., and L. L. Smith, Jr.
1971. A synoptic study of food habits
of 30 fish species from western Lake
Superior.  Technical Bulletin 279,
Minnesota Agricultural Experiment
Station, St. Paul.

Argyle, R. L. 1982. Alewives and rainbow
smelt in Lake Huron: midwater and
bottom aggregations and estimates of
standing stocks. Transactions of the
American Fisheries Society 111:267-
285.

Bartell, S. M., J. E. Breck, R. H. Gardner,
and A. L. Brenkert. 1986. Individual
parameter perturbation and error analy-
sis of fish bioenergetics models. Cana-
dian Journal of Fisheries and Aquatic
Sciences 43:160-168.

Beamish, F. W. H. 1980. Biology of the
North American anadromous sea lam-
prey, Petromyzon marinus. Canadian
Journal of Fisheries and Aquatic Sci-
ences 37:1924-1943,

Beauchamp, D. A., D. J. Stewart, and G.
L. Thomas. 1989. Corroboration of a
bioenergetics model for sockeye sal-
mon. Transactions of the American
Fisheries Society 118:597-607.

Becker, G. C. 1983. Fishes of Wisconsin.
The University of Wisconsin Press,
Madison.

Beitinger, T. L., and J. J. Magnuson.
1975. Influence of social rank and size
on thermoselection behavior of bluegill
(Lepomis macrochirus). Journal of the

~ Fisheries Research Board of Canada
32:2133-2136.

25

Busiahn, T. R.(ed.). 1990. Fish commun
ity objectives for Lake Superior. Great
Lakes Fishery Commission Special
Publication 90-1.

Cherry, D. S., K. L. Dickson, and J. Cairns
Jr. 1975. Temperatures selected and
avoided by fish at various acclimation
temperatures. Journal of the Fisheries
Research Board of Canada 32:485-491.

Cherry, D. S., S. R. Larrick, J. D. Giat
tina, J. Cairns Jr., and J. VanHassel.
1982. Influence of temperature selec-
tion upon the chlorine avoidance of
cold-water and warmwater fishes. Cana-
dian Journal of Fisheries and Aquatic
Sciences 39:162-173.

Christie, W. J., J. J. Collins, G. W. Eck,
C. 1. Goddard, J. M. Hoenig, M.
Holey, L. D. Jacobson, W. MacCall-
um, S. J. Nepszy, R. O’Gorman, and
J. Selgeby. 1987. Meeting future
information needs for Great Lakes
fisheries management. Canadian Journal
of Fisheries and Aquatic Sciences
44(Suppl. 2):439-447. ‘

Close, T. L., and C. S. Anderson. = (in
review). Dispersal, density dependent
growth, and survival of stocked steel-
head fry in Lake Superior tributaries.

Close, T. L., D. A. Belford, S. E. Colvin,
and C. S. Anderson. 1989. The role
of low flow habitat and interspecific
competition in limiting anadromous parr
abundance in North Shore streams.
Minnesota Department of Natural Re-
sources, Investigational Report 398, St.
Paul.

Close, T. L., S. E. Colvin, and R. L. Hass-
inger. 1984. Chinook salmon in the
Minnesota sport fishery of Lake Superi-
or. Minnesota Department of Natural
Resources, Investigational Report 380,
St. Paul.

Cochran, P. A., and J. F. Kitchell. 1989.
A model of feeding by parasitic lam-
preys. Canadian Journal of Fisheries
and Aquatic Sciences 46:1845-1852.

Conner, D. J. 1991. Food of salmonines in
western Lake Superior, 1984-1986.



M.S. Thesis, University of Minnesota,
Duluth. :

Coutant, C. C. 1977. Compilation of
temperature preference data. Journal of
the Fisheries Research Board of Canada
34:739-745.

Cummins K. W., and J. C. Wuycheck.
1971. Caloric equivalents for. investiga-
tions in ecological energetics. - Interna-
tional Association of Theoretical and
Applied Limnology, Commumcatlons
No. 18. .

Dryer, W.-R., and G. R. Km_g. '1968.
Rehabilitation of lake trout in the Apos-
tle Islands region of Lake Superior.
Journal of the Fisheries Research Board
“of Canada 25:1377-1403. E

Ebener, M. M. Gallinat, J. D. Rose, S.
Schram, J. Selgeby, and B. Swanson.
1990. Recommended maximum lake
trout harvest for the Apostle Islands
region of Lake Superior for the 1991 -
1995 fishing years (November 28, 1990
- September 30, 1995). - Wisconsin
State/Tribal Technical Committee.

Eddy S., and J. C. Underhill. 1974. Nor
thern Fishes. North Central Publishing
Company, St. Paul.

Elrod, J. H., and C. P. Schnelder 1987.
Seasonal bathythermal - distribution of
juvenile lake trout in Lake Ontario.
Journal of Great Lakes = Research
13:121-134. ;

Farmer, G. J.; F. W. H. Bealmsh and P.
F. Lett. 1977. Influence of . water
temperature on the growth rate of the
landlocked sea lamprey (Petromyzon
marinus) and the associated rate of host
mortality. Journal of ' the Fisheries
Research Board of Canada 34:1373-
1378.

Ferguson, R. G. 1958. The preferred
temperature of fish and their mid-
summer distribution in temperate lakes
and streams. Journal of the Fisheries
Research Board of Canada 15:607-624.

Fry, F. E. J. 1953. The 1944 year class of
lake trout in South Bay, Lake Huron.
Transactions of the American Fisheries
Society 82:178-192.

26

Garside, ‘E: T., and J. S. Tait. 1958.
Preferred temperature of rainbow trout
and its unusual relationship to acclima-
tion temperature. Canadian Journal of
Zoology 36:563-567.

Goddard, D. 1., J. W. Lilley, and J. S. Tait.
1974, Effects of MS-222 anesthetiza-
tion -on temperature selection in lake
trout, Salvelinus namaycush. Journal of
the Fisheries Research Board of Canada
31:100-103. :

Halseth, R. A., D. W. Willis, and B. R.
Murphy. 1990. Proposed standard
weight (Ws) equation for inland chinook
salmon. Progress Report No. 90-7.
South Dakota Department of Game,

- Fish, and Parks, Pierre.
Hansen, M. J. 1990. Lake Superior: The
- state of the lake. The Lake Superior
Commiittee, Great Lakes Fxshery Com-
mission.

Hassinger, R.-L. 1974. Evaluatlon of coho
salmon (Oncorhynchus kisutch) as a
sport fish in Minnesota. Minnesota
Department of Natural 'Resources,
Investigational Report 328, St. Paul.

Hassinger, R. L., J. G. Hale; and D. E.
Woods. 1974. Steelhead of the Minne-
sota north shore. Minnesota Department
of Natural Resources, Technical Bulle—
tin No. 11, St. Paul.

Havey K. A, and K Warner. 1970. The
landlocked salmon (Salmo salar), its

- life history and management in Maine.
A joint publication of Sport Fishing
Institute, Washington, D.C., and Maine
Department of Inland Fxsherles and
Game; Augusta.

Haynes, J. M., and G. P. Gerber. 1‘989.
Movements and temperatures of radio-
tagged salmonines in Lake Ontario and
comparisons with other large aquatic
systems. Journal of Freshwater Ecology
5:197-204.:

Hewett, S. W., and B. L. Johnson. 1987.

A generalized bioenergetics model of
fish growth for microcomputers. Uni-
versity of Wisconsin Sea Grant Institute
WIS-SG-87-245, Madison.



Jacobson, L. D., W. R. MacCallum, and G.
R. Spangler. 1987. Biomass dynamics
of Lake Superior Lake Herring (Core-
gonus artedii). Application of Schnute’s
Difference model. Canadian Journal of

Fisheries and - Aquatic Sciences
44(2):275-288.
Jobling, M. 1981. Temperature tolerance

and the final preferendum - rapid meth-
ods for the assessment of optimum
growth temperatures. Journal of Fish
Biology 19:439-455.

Johnson, B. G. H., and W. C. Anderson.
1980. Predatory-phase sea lampreys
(Petromyzon marinus) in the Great
Lakes. Canadian Journal of Fisheries
and Aquatic Sciences 37:2007-2020.

Kitchell, J. F. 1983. Energetics. Pages
312-338 in P. W. Webb and D. Weihs,
editors. Fish Biomechanics. Praeger
Publishing, New York.

Kitchell, J. F., and J. E. Breck. 1980.
Bioenergetics model and foraging hy-
pothesis for sea lamprey (Petromyzon
marinus). Canadian Journal of Fisheries
and Aquatic Sciences 37:2159-2168.

Kitchell, J. F., D. J. Stewart, and D. Wein-
inger. 1977. Applications of a bio-
energetics model to yellow perch (Perca
flavescens) and walleye (Stizostedion
vitreum). Journal of the Fisheries Re-
search Board of Canada 34:1922-1935.

Kreuger, C. C., and B. May. 1987. Gene-
tic comparison of naturalized rainbow
trout populations among Lake Superior
tributaries: differentiation based on
allozyme data. Transactions of the

American Fisheries Society 116:795-

806.

Kwain, W. H. 1981. Population dynamics
and exploitation of rainbow trout in
Stokely Creek, eastern Lake Superior.
Transactions of the American Fisheries
Society 110:210-215.

Kwain, W., and R. W. McCauley. 1978.
Effects of age and overhead illumina-
tion on temperatures preferred by un-
deryearling rainbow trout, Salmo gaird-
neri, in a vertical temperature gradient.

Journal of the Fisheries Research Board
of Canada 35:1430-1433.

Lawrie, A. H. 1978. The fish community
of Lake Superior. Journal of Great
Lakes Research, International Associa-
tion of Great Lakes Research 4:513-
549.

Lawrie, A. H., and W. MacCallum. 1980.
On evaluating measures to rehabilitate
lake trout (Salvelinus namaycush) of
Lake Superior. Canadian Journal of

Fisheries and Aquatic Sciences
37:2057-2062.
Leggett, W. C., and G. Power. 1969.

Differences between two populations of
landlocked Atlantic salmon (Salmo
salar) in Newfoundland. Journal of the
Fisheries Research Board of Canada
26:1585-1596.

MacCallum, W. R., and J. H. Selgeby.
1987. Lake Superior revisited 1984.
Canadian Journal of Fisheries and
Aquatic Sciences 44(Suppl. 2):23-36.

MacCrimmon, H. R. 1971. World distri
bution of rainbow trout (Salmo gaird-
neri). Journal of the Fisheries Research
Board of Canada 28:663-704.

Magnuson, J. J., L. B. Crowder, and P. A.
Medvick. 1979. Temperature as an
ecological resource. American Zoolo-
gist 19:331-343.

Martin, N. V., and C. H. Olver. 1980.
The lake charr, Salvelinus namaycush.
pages 205-277 in E. K. Balon, editor.
Charrs - salmonid fishes of the genus
salvelinus. Dr. W. Junk Publishers,
The Hague, Netherlands.

McCauley, R. W., and W. L. Pond. 1971.
Temperature selection of rainbow trout
fingerlings in vertical and horizontal
gradients, Journal of the Fisheries
Research Board of Canada 28:1801-
1804.

McCauley, R. W., and J. S. Tait. 1970.
Preferred temperature of yearling lake
trout, Salvelinus namaycush. Journal of
the Fisheries Research Board of Canada
27:1729-1733.

Morse, S. D. 1989. Spring anadromous,
lower North Shore streams; spring



anadromous, Nemadji/Blackhoof;spring
anadromous, Knife River; and Lake
Superior creel surveys. Minnesota
Department of Natural Resources,
Completion Report F-29-R(P)-9, Study
4, Job 166, St. Paul.

Negus, M. T., J. M. Aho., and C. S. An
derson. 1987. Influences of acclima-
tion temperature and developmental
stage on behavioral responses of lake
chubsuckers to temperature gradients.
American Fisheries Society Symposium
2:157-163.

Negus, M. T., D. A. Belford, and S. E.
Colvin. 1990. Long term retention of
fluorescent pigment marking of chinook
salmon. Minnesota Department of
Natural Resources, Investigational
Report 402, St. Paul.

Neill, W. H., and J. J. Magnuson. 1974.
Distributional Ecology and Behavioral
Thermoregulation of Fishes in relation
to Heated Effluent from a Power Plant
at Lake Menona, Wisconsin. Trans-
actions of the American Fisheries Soci-
ety 103(4):663-710.

Niemuth, W. 1970. A study of migratory
lake-run trout in the Brule River, Wis-
consin. Part II. Rainbow trout. Wiscon-
sin Department of Natural Resources
Bureau of Fish Management Report No.
38, Madison.

Peck, J. W. 1982. Extended residence of
young-of-the-year lake trout in shallow
water. Transactions of the American
Fisheries Society 111:775-778.

Power, G. 1969. The salmon of Ungava
Bay. Arctic Institute of North America,
Technical Paper No. 22,

Rahrer, J. F. 1967. Growth of lake trout
in Lake Superior before the maximum
abundance of sea lamprey. Transactions
of the American Fisheries Society
96:268-277.

Rice, J. A., and P. A. Cochran. 1984.
Independent evaluation of a bioenerge-
tics model for largemouth bass. Ecolo-
gy 65:732-739.

Rottiers D. V., and R. M. Tucker. 1982.
Proximate composition and caloric

28

content of eight Lake Michigan fishes.
U.S. Fish and Wildlife Service. Techni-
cal Paper 108, United States Depart-
ment of the Interior.

Rybicki, R. W., and M. Keller. 1978. The
lake trout resource in Michigan waters
of Lake Michigan, 1970-1976. Michi-
gan Department of Natural Resources,
Fisheries Research Report 1863, Lan-
sing.

Scholl, D. K, P. J. Peeters, and S. T.
Schram. 1984. Migratory brown trout |
and rainbow trout populations of - the
Brule River, Wisconsin. Wisconsin
Department of Natural Resources, Fish
Management Report 123, Madison.

Schreiner, D. R., and S. D. Morse. 1990.
Lake Superior commercial fish assess-
ment studies, June 1, 1989 - May 31,
1990. Minnesota Department of Natural
Resources, Annual Progress Report,
Project 3-1J-12-2, St. Paul.

Schreiner, D. R., S. D. Morse, and S.
Geving. 1989. Annual report for
Minnesota waters of lLake Superior.
Minnesota Department of Natural Re-
sources, Project F-29-R(P), St. Paul.

Schreiner, D. R., S. D. Morse, and S.
Geving. 1990. Annual report for
Minnesota waters of Lake Superior.
Minnesota Department of Natural Re-
sources, Project F-29-R(P), St. Paul.

Schreiner, D. R., S. D. Morse, and J.
Spurrier. 1988. Lake Superior annual
report. Minnesota Department of Natu-
ral Resources, Project F-29-R(P)-8,
Study 2, Job 3, St. Paul.

Scott, W. B., and E. J. Crossman. 1973.
Freshwater fishes of Canada. Bulletin
184. Fisheries Research Board of Cana-
da, Ottawa.

Spangler, G. R., K. H. Loftus, and W. J.
Christie. 1987. Introduction to the
International Symposium on Stock
Assessment and Yield Prediction
(ASPY). Canadian Journal of Fisheries
and Aquatic Sciences 44(Suppl. 2):7-9.

Spotila, J. R., K. M. Terpin, R. R. Koons,
and R. L. Benati. 1979. Temperature
requirements of fishes from eastern



Lake Erie and the upper Niagara River:
a review of the literature. Environmen-
tal Biology of Fishes. 4:281-307.

Spurrier, J. R. 1991a. Results of operating
the adult fish trap on the French River.
Minnesota Department of Natural Re-
sources, Project F-29-R-10, St. Paul.

Spurrier, J. R. 1991b. Results of operating
the smolt-adult fish trap on the Little
Knife River. Minnesota Department of
Natural Resources, Project F-35-D, St.
Paul.

Spurrier, J. R., and S. D. Morse. 1985.
Lake Superior annual report 1985.
Minnesota Department of Natural Re-
sources, Project F-29-R(P)-5, Study 2,
Job 3, St. Paul.

Spurrier, J. R., and S D. Morse. 1986.
Lake Superior annual report 1986.
Minnesota Department of Natural Re-
sources, Project F-29-R(P)-6, Study 2,
Job 3, St. Paul.

Stewart, D. J. 1980. Salmonid predators
and their forage base in Lake Michi-
gan: abioenergetics-modeling synthesis.
Ph.D. Thesis, University of Wisconsin,
Madison.

Stewart, D. J., and M. Ibarra. (in press).
Predation and production by salmonine
fishes in Lake Michigan, 1978-88.
Canadian Journal of Fisheries and
Aquatic Sciences.

Stewart, D. J., J. F. Kitchell, and L. B.
Crowder. 1981. Forage fishes and
their salmonid predators in Lake Michi-
gan. Transactions of the American
Fisheries Society 110:751-763.

Stewart, D. J., D. Weininger, D. V. Rotti
ers, and T. A. Edsall. 1983. An
energetics model for lake trout, Salve-
linus namaycush: application to the
Lake Michigan population. Canadian
Journal of Fisheries and Aquatic Sci-
ences 40:681-698.

Swanson, B. L. 1985. Pikes Creek/Lake
Superior steelhead population: popula-
tion dynamics, fishery, and manage-
ment alternatives. Wisconsin Depart-
ment of Natural Resources, Fish Man-
agement Report 125, Madison.

29

Swedberg, D. V., and J. W. Peck. 1984,
Food of young-of-the-year lake trout
(Salvelinus namaycush) in Presque Isle
Harbor, Lake Superior. Journal of
Great Lakes Research 10:280-285.

Talmage, S. S., and C. C. Coutant. 1980.
Thermal effects. Journal of the Water
Pollution Control Federation 52:1575-
1616.

The Lake Superior Lake Trout Technical
Committee. 1986. A lake trout reha-
bilitation plan for Lake Superior. The
Lake Superior Committee, Great Lakes
Fishery Commission.

Van Oosten, J., and P. H. Eschmeyer.
1956. Biology of young lake trout,
Salvelinus namaycush, in Lake Michi-
gan. U.S. Fish and Wildlife Service
Fisheries Bulletin 50:297-394.

Walters, C. J., G. Steer, and G. Spangler.
1980. Responses of lake trout (Salve-
linus namaycush) to harvesting, stock-
ing, and lamprey reduction. Canadian
Journal of Fisheries and Aquatic Sci-
ences 37:2133-2145.

Weisberg, S., and R. V. Frie. 1987. Lin
ear models for the growth of fish,
Pages 127-143 in R. C. Summerfelt and
G. E. Hall, editors. The age and
growth of fish. The Iowa State Univer-
sity Press, Ames.

Wismer, D. A., and A. E. Christie. 1987.
Temperature relationships of Great
Lakes fishes: a data compilation. Great
Lakes Fishery Commission, Special
Publication 87-3.



‘SMUE

7°s v°€ v°s §°8 S'0T S°IT 0°0T §°§ £°€ 8°T T°1 T §°2
A1q3uoy
0¥ £°C 8°E €V VoL €°6 v°8 T°% 9°C 9°0 9°0 1z 1°2 6861
z's z € 1°s v°8 6°6 6°C1 5°6 z's Lz 9°1 9°0 z°1 6°T 8861
z°9 s°¢g 9°g v'6 Z°IT T1°'ST ©v°€l 6°S v € 9°2 A z'1 z°c L861
0°s 52 Iy ©0°0T TI°It  €°01 86 1°s 1°¢€ 5°1 §°0 Vo L1 9861
0°§ 8¢ LY £°9 L'TIT 86 L°L LY L€ 9°2C 91 A 9°z S86T
€°S T°% £°S £°8 v°'6 T1°€1 £°8 v°s 0°€ 1 0°1 £°1 9°Z v86T
1°s 9°€ L9 8L €9 ¥°1T 8°6 v°s A LT 1 z°1 s°Z €861
LS 8¢ £€°9 L*O0T 6°TT £°6 90T L*9 A > LT 8°0 T°1 £°C z86T
§°9 A T°9 L'6 Z'ST  9°%T 1°2ZT €°g v € 0'¢ €1 €1 §°Z 1867 .
0°9 T°% T°9 L6 6°0T v'6 z'01 8°9 A2 £°c 9°1 92 T°¥ 086T
uean *oaqg “AON *300 “das “bnyg ATnp aunp ABW *xdyg “IeW “qad *uep
Tenuuy

I23em Axoyd3eH I23eMPTOD IBATY youaxg e ‘yzdep w £-°gT

*®10S3UUTH ‘yanTng ‘sye3urt

*e3ed sanjzeasadwal

‘(D,) saanjexadwai aajzem xoraadns ayeT--°1Y¥ oTqel

¥ XIAaNad4vw

30



€867 a3)o3g
€867 X93do8g

€861 a9xo3d

tL6T T11Tyaspun pue Appd

L8861

L8861l

LB6T

L8e61

L861

LL6T 3IUEINOD

JapTauyos pue poxld

IspTauyos pue poxld

I9pI’UYDS pue poxld

aspIauYysds pue poxTd

€861 I9)02g

8T3ISTIYD PUR ISWSTM

0L6T 3Tel pue AsTnedow

L86T1

PL6T °1e 3@ pIEPPOD
3T3ISTAYD pue JBWSTM
2861 ¥dOad

€861 33do°d

aotaadng ayer]

ueBTYOTH oxeTl
oTae3uQ axye] ut
3NOI3 9xeT UTeI3S
aotaadng axye1
oTaezup aye] ut
3N0I3 9xeT uUTeI3S
zotaadng ave]
oTaejuQo aye7 ut
3NoI3 3¥el ureals
xotaadns ayeT
otTaejuQ ayeT utr
3INOI3 8yel uteasys
aotaadng axe]
aotxadng aye]
aotraadng axe
qe1

qe]

Jotaadng axe]

aotxadns aye]

zot1aadns aye]

ERNEPEFEN

UOT3E€507

S0UTPTOAY
Iamo]

01

9°0T

I°TT - 8°¢L
8°1T
(-bny--ady)
§'9 - L°E

( *300--ady)
9°'8 - 6°¢€
(-300--ady)
S$°6 - 6°F
(*300-&1np)
€°0T - §°L
L*TIT - 6°¢€
LTl

S 1T

PT - L

2°LT - 9°§
ﬁWMQSUUO *awa] JI0

wnpuaiajaid TeuTd

£°81 (pa1310adsun)
(butpaag)

butumeds

£€°8T ITNpY
3TNpY

v @by

€ aby

¢ aby

1 8by

oc z-1 8by
L°TT Z-1 8by
ST : punox

LA Bbunogx
2°LT X0X
ST X0X
X0X

SOUEPTOAY Sby IO
xaddn 92ZTS

ejep (2,) aanjexsdwsiy ysnodewrpu SnUTTSATRS 3INOI3 81 eT--°ZY aTqel

31




£L6T UBWSSOID pue 3300§ vT - 2T (pat3T08dsun)

(zaumuns /butads)
6861 I2qa3D pue saudey Uue3d0 O9TIToed Y3IION g8 - 9 (patzToadsup)
LLET 3Jue3NOD uebTyoTW axeT €°LT ITNPY
(pautqwos oyoo pue b otzt-00TT
6861 I3qIan puer sauley oTxejuo ayeT HOOUTU2) €T ~ S§°9 ‘L ww 0S6-0LY
(Tey3aT)
1861 Buttqor qe1q g*'sT - L°11 1°s¢ TTeWS -
EENEFEFE uoT3eo0q botdnoopo -dwsl, X0 S0UEp10OAY 3by Io0
wnpuaaaiaxd Teutd xaddn 3219

‘eqep (2,) aanjexsdwsy eyoszdmeysi snyoulyzoouo uowtes HOOUTYD-~" €Y BTQeL

32



z86T °1® 38 Aaxsyd
L86T BTISTIYD puew IBWSTM
1861 Buttqor

€L6T URPWSSOID PuUE 33008

6861 I92qI39 pue ssuley
£€86T a3xo°eg
€861 I8dag

LL6T 3Ue3INOD

LL6T 3UEB3NOD

6861 I3q1an pue saukeq

qe1

qeT

ueaso 9T7FToed Y3IION

qeT

uebTYsTW aye]

OTIBIUQ BHET

aduaasjyay

TOT32007

9°ST - €°¥1

014

ST - €1

AT A

(aswuns /butads)
1 - 8

yevT - L9

[ARAY

(butads) p-17

9°91

(pautquwoos oyos pue
MoouTtys) €1 - §°9

aoUepPTOAY patdnddQ *duwaJ 0
unpuaxsjaid fTeutyd

1 %4

S¢

{pat3ytoadsupn)
(pe13T102dsun)
(patzToadsupn)

(pat1310o8dsup)

(pat3yToadsupn)
(patzToedsupn)
(butpasg)
3TNpY

ITNPY

6 0065-008
‘L ww 068-STH

SOUBDTOAY
xaddpn

8by 10
82718

‘ejep (D,) @anjexadwsy yo3znsty snyoudyIooup uowTes oyod--°py¥ STqel

33



SL6T °*Te 3@ Axxayd
€861 9094
€861 umxomm

LL6T 3UBRINOD
8667 3Tel pue apTsaes

L86T 3TISTIYD pue ISWSTM

6L6T °1e 39 eTT30dS
1861 bButtgor
LL6T 3ue3nod

LL6T 3ue3nod

6861 I2qaao pue sauleH

0L6T Y3nwaIN

8L6T KaTnedoW pue utemy

L86T ®TISTAYD pUER IBUWSTM
1L6T puod pue LaTnedoW

0861 3IuUE3NOD pur abewel

qeT

uebHTYOTHW o1e1
qel

qe1l

qe]

uebTYOTH 3ye1]

qel

oTaejup aye]

zotaadns axye1
- I3ATY alnag

qel
qe1

qe]

ERDESEP I

UOT3€001

€T 8T 61 (pa13700dsun)
€T - § putumeds
T°T¢ - 9°ST ITNpPY
S°91 ITNpyY
€T ITNPY
LT - 6 ua:ﬁw
(ot - 9 °sdwey
uoT3eWITOOR)
8°ST -~ 9°T1 ITNpY
T - £°11 ITpPY
§°91 3Tnpy
€T 3ITOpPY
3INpY pue
S'€ET -~ S°L 3[npe~qns
6°8 0z - £€°¢€1 s3Touws
€T aeax I<
burTaeax
L°91 ‘6 osz-o0sT
v 6T - 81 zz Buttasbutg
ST - €1 12 purTasbutg
SOUTPTIOAY DPotdndog -duie], 40 SJUEpPI0AY 5h¢ 310
I2aM07T wnpuaixajaad Teutd aaddpn 8zTs

‘eaep (2,)

aanzexadwsl ssrydw snyoulyIooup 3INOCIJ moquieyd--°GY 3TqeRl

34



0L6T I@uxeM pue Asary

soye] auTen vz - 12> (Teasusn)

6961 IXamod pue. 33abba sa)eT puERlpuUNOIMSN v1 (Teasuasn)
1861 Buttrgor qerl T°ST - 1°2¢t (1Texauan)

LL6T 3Iue3nod qe 9T - T Bunoyx
Sousxajed UOT 38007 paTdnoo0 -dwag a0 S0UEPTOAY SbY 0

unpuaxajard TeUTd xaddp 92Z7TS

rejep (D,) 2anjexadwasl IPTES OWTPES

UOWTES OTJUBTIY--°9Y 21qel

5

3



Table A7.--Temperature (°C) inputs used in bioenergetics model

simulations.

Simulation Lake Chinook Coho Rainbow Atlantic Sea
Month Day trout salmon salmon trout salmon lamprey
June 1 5.5 5.5 5.5 5.5 5.5 5.5
July 31 10.0 10.0 10.0 10.0 10.0 10.0
August | 62 10.0 10.0 12.0 11.0 10.0 10.0
September 93 jo0.0 - 10.0 14.0 - 13.0 10.0 10.0
October -123 8.5 12.0 13.0 11.0 12.0 8.5
November 154 5.4 5.4 10.0 10.0 5.4 5.4
December 184 3.4 3.4 5.0 5.0 3.4 3.4
January 215 2.5 2.5 2.5 2.5 2.5 2.5
February 246 1.4 1.4 1.4 1.4 1.4 1.4
March 274 1.1 1.1 1.1 1.1 1.1 1.1
April 305 1.8 1.8 1.8 1.8 1.8 1.8
May 335 3.3 3.3 3.3 3.3 3.3 3.3
Annual
Mean 5.2 5.5 6.6 6.3 5.5 5.2
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Table B2.--Length-weight functions in Minnesota of stocked

lake trout captured in large mesh gill nets, May
and September, 1985-1989, in Minnesota waters of
Lake Superior (S. Morse, MN Dept. Nat. Res.,
personal communication). W = Weight (g),

L = Length (mm).

Year

Length-Weight Function

1985

1986

1987

1988

1989

W = 0.2208((L/25.4)%%)
W = 0.0200((L/25.4)%%")
W= 0.1807((1./25.4)2-”7)
W = 0.0508((L/25.4)%%)
W = 0.0490((L/25.4)%%%)
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Table B3.--Chinook salmon length (mm) and weight (g) data.

sSource

Age tenqth Weight

Negus et al. 1990*° 1 287 158
2 500 1,054

3 692 3,209

4 858 6,702

Minnesota Department of 2 828 5,933
Natural Resources, 3 884 7,423
file data™ 4 964 9,988
Close et al. 1984¢ 1 250 98
2 470 853

3 640 2,456

J. Peck, Michigan 1 297 236
Department of Natural 2 457 763
Resources, Marquette, -3 658 2,670
unpublished® 4 798 4,690

Chinook salmon stocked as pre-smolts for fluorescent pigment
study in French River, MN.

Back-calculated lengths at annulus formation.
estimated using Figure B2.

Weights were

° Mean lengths at capture of spawning chinook salmon in French
River. Weights were estimated using Figure B2.

Fall run chinook salmon stocked as pre-smolts in Minnesota

streams. Mean lengths at annulus formation were back-
calculated. Weights were estimated using Figure B2.

1987.
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Table B4.--Mean lengths (mm) and weights (g) of age 2
coho salmon creeled in Lake Superior near

Marquette, MI,

1985-1987 (J.

Peck, Michigan

Department of Natural Resources, Marquette,

unpublished).

Month Length Weight
January 378 4717
February 401 545
March 417 604
April 417 590
May 429 636
June 460 817
July 503 1,044
August 526 1,317
September 538 1,407
October 541 1,362
November 551 1,362
December 549 1,317
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Table B5.--Steelhead length ‘(mm) and weight (g) data.

Source Stream years/ Length Weight
: - Lake' years -
Minnesota Department of 1/5 701 2,043
Natural Resources, .

file data, 1990* 2/2 587 1,907
2/3 632 2,315

2/4 678 3,042

2/5 683 2,951

'3/2 584 1,998

3/3 655 2,769

3/4 645 2,452

3/5 668 2,860

Hassinger et al. 1974% 1/1 368 468
o 1/2° 457 883

1/3 559 1,595

1/4 617 2,131

2/1 414 661

©2/2 528 1,348

2/3 592 1,887

2/4 678 2,809

3/1 427" 724

3/2 556 1,570

3/3 ' 632 2,286

3/4 660 2,596

Scholl et al. 1984° 1/2 467 1,148
1/3 620 2,532

1/4 671 3,156

1/5 632 2,671

1/6 686 3,357

2/1 399 740

2/2 541 1,731

2/3 635 2,706

2/4 668 3,117

2/5 696 3,496

2/6 711 3,710

3/1 455 1,068

3/2 574 2,042

3/3 640 2,766

3/4 676 3,222

3/5 699 3,538

* Spawning steelhead from French and Knife Rivers, spring 1990.
b Spawning steelhead from Kadunce and Kimball Creeks, 1961-1965.

Weights were estimated using Figure B4.

° Steelhead lengths at annulus formation, Brule River, Wisconsin,

1979. Weights were estimated from Figure B4.
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Table B6.--Mean lengths

(mm) and weights (g) of Kamloops

and Atlantic salmon.
Source Age Length Weight
Kamloops
Minnesota Department of 3 571 1,816
Natural Resources, 4 625 2,410
file data® 5 673 2,998
6 661 2,919
Atlantic salmon
Minnesota Department of 3 546 1,290
Natural Resources, 4 648 2,187
file data® 5 689 2,643

Landlocked Atlantic salmon

Havey and Warner 1970°

NSO W

230
373
419
467
505

* Spawning fish, spring 1990, French River, Minnesota.

®* Spawning fish, fall, 1988 and 1989, French River,

Minnesota. Weights were estimated from Figure B6.
¢ fish from various lakes and rivers, Maine.
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Figure B1.--Lake trout length-weight relationships. The Minnesota (MN) relationship was
derived from stocked lake trout captured in large mesh gill nets, May and September, 1989
(Minnesota Department of Natural Resources, file data). The lakewide relationship was
supplied by the National Fisheries Research Center, Ashland, Wisconsin. W = Weight (g),
L = Length (mm). i
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Figure B2.--Chinook salmon length-weight relationships. The Minnesota (MN)
relationship was developed by Halseth et al. (1990) from spawning chinook salmon captured .
in October 1988. The Michigan (MI) relationship was derived from chinook salmon creeled
in Lake Superior near Marquette, in January - June, 1986 and 1987 (Michigan Department of
Natural Resources, Marquette, unpublished data). W = Weight (g), L = Length (mm).
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Figure B3.--Coho salmon length-weight relationships. The Minnesota (MN) relationship
was derived from coho salmon caught in the 1989 and 1990 Beaver Bay-Silver Bay Lions
Club fishing tournaments, the 1989 and 1990 Grand Slam Tournaments in Two Harbors, and
the 1986 spawning coho salmon in the French River (Minnesota Department of Natural
Resources, file data). The Michigan (MI) relationship was derived from coho salmon creeled
in Lake Superior near Marquette, 1985-1987 (Michigan Department of Natural Resources,
Marquette, unpublished data). W = Weight (g), L. = Length (mm).
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Figure B4.--Steelhead trout length-weight relationships. The Minnesota (MN) relationship
was derived from spawning steelhead trout returning to the French and Knife Rivers in 1990,
and age 1+ parr electrofished in the Stewart and Split Rock Rivers in 1989 (Minnesota
- Department of Natural Resources, file data). The Wisconsin relationships (virtually
superimposed) were developed for male (WI-M) and female (WI-F) fish in the Brule River by
Scholl et al. (1984). W = Weight (g), L = Length (mm).
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Figure B5.--Steelhead trout and Kamloops strain rainbow trout length-weight
relationships. The steelhead trout (STT) relationship is identical to that in Figure B4.
The Kamloops (KAM) relationship was derived from spawning fish returning to the French
River in spring, 1990. W = Weight (g), L = Length (mm).
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Figure B6.--Atlantic salmon length-weight relationships. The Minnesota (MN)
relationship was derived from spawning Atlantic salmon returning to the French River
in 1988 (Minnesota Department of Natural Resources, file data). The Maine relationship
was derived from landlocked salmon in several Maine lakes and rivers (Havey and Warner
1970). W = Weight (g), L = Length (mm).

49



APPENDIX C:

Diet and Prey Caloric Densities.

Table Cl.-—-Seasonal proportions (% volume) of prey items in the diets of

young-of-the-year lake trout (Swedberg and Peck 1984),
yearling and age 2 lake trout (Anderson and Smith 1971;
S. Morse, MN Dept. Nat. Res., personal communication,

1990),

and all older cohorts in Minnesota waters of Lake Superior,
1984-1986 (Conner 1991).
calculated in simulations by linear interpolation.

Values for days between dates were

Dietary proportion of

Simulation Rainbow

Date day smelt Coregonines Insects Crustaceans
Young-of-the~-year
1 Jun 1 0.02 0.0 0.80 0.16
1 Oct 123 0.50 0.0 0.0 0.50
Yearling
1 Jun 1 0.04 0.0 0.24 0.70
1 oct 123 0.50 0.0 0.0 0.50
Age 2
1 Jun 1 0.15 0.0 0.45 0.35
1 Oct 123 0.90 0.0 0.0 0.0
Older cohorts

1 Jun 1 0.78 0.03 0.11 0.03
1 Oct 123 0.89 0.10 0.01 0.0
1 Dec 184 0.55 0.45 0.0 0.0
1 Feb 246 0.60 0.01 0.0 0.01
1 May 338 0.78 0.03 0.11 0.03

Other

fish

[eR " ReNeoNo)
w

[eNeoNeoNoNa!
w
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Table C2.--Seasonal proportions (% volume) of prey items in the diets

of chinook salmon, rainbow trout, coho salmon and Atlantic
salmon in Minnesota waters of Lake Superior, 1984-1986
(Conner 1991). Winter diet of rainbow trout and Atlantic
salmon is estimated, based on low availability of insects
and crustaceans during winter months. Values for days
between dates were calculated in simulations by linear

interpolation.

Dietary proportion of

Simulation Rainbow Other

Date day smelt Coreqonines Insects Crustaceans fish
Chinook salmon
1 Jun 1 0.29 0.23 0.27 0.15 0.06
1 Jul 31 0.34 0.10 0.09 0.32 0.11
1 Aug 62 0.80 0.0 0.0 0.15 0.05
1 Sep 93 0.62 0.37 0.0 0.0 0.01
1 Nov 154 1.00 0.0 0.0 0.0 0.0
Coho salmon
1 Jun 1 0.06 0.0 0.75 0.18 0.01
1 Jul 31 0.09 0.01 0.62 0.24 0.04
1 Aug 62 0.18 0.39 0.08 0.32 0.03
1 Sep 93 0.45 0.05 0.0 0.0 0.50
1 Nov 154 1.00 0.0 0.0 0.0 0.0
1 Jan 215 0.84 0.0 0.15 0.01 0.0
1 May 334 0.60 0.0 0.39 0.01 0.0
Rainbow trout
1 Jun 1 0.02 0.0 0.98 0.0 0.0
1 Dec 184 0.50 0.0 0.50 0.0 0.0
1 Apr 308 0.02 0.0 0.98 0.0 0.0
Atlantic salmon

1 Jun 1 0.77 0.01 0.04 0.18 0.0
1 Oct 123 0.95 0.05 0.0 0.0 0.0
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Table C3.--Caloric densities of the five diet categories used in

simulations. cCal/g ww calories per gram wet weight. .
Organism Cal/q ww Reference
Rainbow smelt 1,590 Rottiers and Tucker 1982
Coregonines 2,360 Rottiers and Tucker 1982
Insects 759 Cummins and Wuycheck 1971
Crustaceans 1,058 Cummins and Wuycheck 1971
Small salmonines 1,295 Stéwart et al. 1983

52



(68-s8 (68-88) (88-v8) (68-£8) (6g-£8) (8g-£8) (68-€8) (68-98) (18-58) (68-5L) (68-18) (sawak)
69T'Iy cL2'ZTT 9sL’9¢c  evv/LY OVT'TPT THL'EPE  LTIE‘0SE‘T  9TE’'P9P TL9‘TIS TH9‘LOE 605 ‘9% ueay
TSZ’'TE 9T19'TIT zZL8‘0s  LBO'6ET 686‘668'T 6T£‘8IS 000‘TLE 000°'HS 6861
00S‘zZY LZE'TZIT T62°09 L6% ‘9  9b¥ ‘92T 606°tSh  SLZT'E09'€E SET‘06¢E 000112 8861
90€ ‘8L 95T ‘vE 65961 €08‘69  6E9'VET  S68°S0S‘T ZLZ'ZZy T80‘TS 000’16 L86T
vE9 ‘8T LOY’'ET  ETS‘SE 0ZT‘oL  BLI'T6  ¥8E‘PPY  TLO'PIS‘C 9€S'9ZS 6TIL'P9 STZ’BOY 9861
vST‘S2 ZS6’EE BEL'LY  ZTIL'EET T9T'9ev 6S¥‘89T‘'C 080’€ZE TOZ’'6E 6L9‘ESE 000‘¥E S86T
£€9%’c oLg’ez €66‘Ty  SLT'OBT 96S'SLT  LTIO’THS‘T 000212 000'%s6 v86T
¥92’ss  18Z'T0T HSL'LIT  ZTS’6TZ'T 698°'16¢€ £86T
650198 000‘88Z 000191 Z86T
ZES’'9€C 08G'SL 1861
00L ‘0S¢ 086T
SLT'vIE 6L6T
TEL'HSE 8L6T
19€’05¢€ LLET
8sL'v¥he 9L6T
LT9'9€¢E SL6T
13X 104 Axg T1aX 13X ATg Axd 1b3 Aag TIX 1bd FEECEEY
1TRd butads xeax
UOWTES O13Ue13Y¥ sdooTWeY SEENREEERE] Uowies Hooutyo FNO0I3 SXe1
‘butrtaesx = 11X ‘Burixeburg = 163 -suoTlETNWTS soT38BIBUSOT( msw

30 @3ep But3xeas ay3 ‘T sunp I0J SpEW DI SIFPWTISS SOURPUNGY

*(686T-SL6T

‘s3xoday Buryoo3s

Tenuuy ’‘sadInosay Tean3jeN Jo juswixedsd e30s9UUTH) 6867 UT JUEPIXD sasseTo-aealk Butpnyouy

*S8TITTe3IION pu®B Ssasuepunqy COHUNHSQQ&

‘sweaz3s Axe3anqra3 xo JoTaadng 83eT JO SIBIBM BIOSSUUTH OUT PAYD03S SOUTUOWTES 3JO SIBQUAN--°Tq atqeg

:d XIANIddWY

53



Table D2.--Estimated abundances in 1989 of native lake trout and

naturalized coho salmon in Minnesota waters of Lake Superior.
Abundance estimates are made for June 1, the starting date
of the bioenergetics simulations.

Age Lake Trout Coho Salmon
0 1,107,770 125,000
1 114,100 62,500
2 36,860
3 14,647
4 31,664
S 24,860
6 8,740
7 9,842
8 2,096
9 1,670

10 551

11 124

12 133

13 62

14 49

15 23
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APPENDIX E:

Sensitivity Analysis.

Table El.--Sensitivities of estimated cumulative consumption by

individual fish to deviation of input variables. Simulations
were done on one age 7 lake trout, one each age 1/2, age 2/3,
and age 3/3 steelhead, one age 5 Kamloops, one each of fry-
stocked, fingerling-stocked, and yearling-stocked Atlantic
salmon in their third lake year, one age 3 chinook salmon,
and one age 1 coho salmon in Minnesota waters of Lake
Superior, all with an all-smelt diet. A range of values is
given for species which were tested in more than one life
history variation.

Input modification

Variable +10% -10%
Lake trout
Prey caloric density ~ 9.46% +11.81%
Indigestible fraction + 0.36% - 0.36%
Temperatures (all) ' + 4.24% - 3.19%
Weights (start and final) + 8.73% - 6.83%
Final weight +19.66% -19.06%
Proportion of weight lost
during spawning + 1.17% - 1.16%
Spawning -11.06%"*
Steelhead
Prey caloric density - 9.50 to - 9.57% +11.72 to +11.80%
Indigestible fraction + 0.36 to + 0.41% - 0.36 to - 0.42%
Temperatures (all) + 5.35 to + 6.60% - 4.48 to - 5.30%
Weights (start and final) +10.27 to +10.62% -10.13 to -10.42%
Final weight +11.90 to +13.73% -11.61 to -13.30%
Proportion of weight lost
during spawning + 0.84 to + 1.04% - 0.83 to - 1.02%
Spawning - 7.77 to - 8.97%°
Kamloops
Prey caloric density - 9.49% +11.81%
Indigestible fraction + 0.30% - 0.30%
Temperatures (all) + 6.28% - 5.62%
Weights (start and final) +10.51% -10.29%
Final weight +15.84% -15.04%
Proportion of weight lost
during spawning + 1.09% - 1.07%
Spawning - 9.93%*

Prey caloric density

Atlantic salmon

9.54 to - 9.59% +11.69 to +11.76%

Indigestible fraction + 0.36 to + 0.37% ~ 0.36 to - 0.37%
Temperatures (all) + 4.67 to + 4.76% - 4.32 to - 4.41%
Weights (start and final) + 9.79 to +10.20% - 9.70 to -10.17%
Final weight +12.60 to +14.05% -12.33 to -13.68%
Proportion of weight lost

during spawning + 0.20 to + 0.23% - 0.20 to - 0.23%

Spawning

- 1.97 to - 2.26%"*
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Table El.--Continued.

Variable

Input modification

Temperatures (all)

Final weight

Temperatures (all)

+10% -10%
Chinook salmon

Prey caloric density -10.11% +12.95%
Indigestible fraction + 0.39% - 0.39%
+ 2.46% - 1.85%

Weights (start and final) +12.20% -11.69%
+13.82% ~-13.03%

Coho salmon

Prey caloric density - 9.84% +12.39%
Indigestible fraction + 0.38% - 0.37%
+ 2,06% - 1.96%

Weights (start and final) +10.28% ~10.17%
+10.05% - 9.91%

Final weight

* Spawning eliminated (i.e. weight loss due to spawning = 0).
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Table F3.--Age of greatest impact on forage base of Lake Superior.
Fgl = Fingerling, Yrl = Yearling.

Stocking Age at which greatest
Species Size total consumption occurs
Lake trout Fgl 6
Yrl 6
(native) 6
Chinook salmon Fry or Fgl 2
Coho salmon . (naturalized) . o1
Steelhead - Fry 3*
Kamloops Fry 3
Yrl 1
fall ¥rl 1
Atlantic salmon Fry 2
Fgl 1
Yrl 1

* Total age reported; reflects impact of all stocked fry regardless of
time spent in stream.
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APPENDIX H: Ration and Growth Evaluation.

Table Hl.--Baseline P values (proportion of maximum ration consumed)
based on current temperature and body size.

Lake Trout . Chinook Salmon

0.751956 0.476638
0.516988 0.584602
0.573997 0.752307
0.373945 0.848866
0.490182 0.467493
0.508979
0.493273
0.413329
0.449554
0.414577
0.448717
0.543656
0.512652
0.430279
0.432783
0.435353
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Figure H1.--Lake trout growth at various ration levels. Baseline P values (Table H1)
were increased or decreased by 0.1 to simulate the growth of each year-class under conditions
of increased or decreased prey availability. Simulations beginning with baseline starting
weights were run for each year-class for a period of one year at increased and decreased
ration. Simulations were also run for the entire lifespan at increased or decreased rations,
using final weights from each year as starting weights for the next year,
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Figure H2.--Chinook salmon at various ration levels. Baseline P values (Table H1) were
increased or decreased by 0.1 to simulate the growth of each year-class under conditions of
increased or decreased prey availability. Simulations beginning with baseline starting weights
were tun for each year-class for a period of one year at increased and decreased ration.
Simulations were also run for the entire lifespan at increased or decreased rations, using final
weights from each year as starting weights for the next year.
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