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Fish community change in Lake Superior,
1970-2000"

Charles R. Bronte, Mark P. Ebener, Donald R. Schreiner, David S. DeVault,
Michael M. Petzold, Douglas A. Jensen, Carl Richards, and Steven J. Lozano

Abstract: Changes in Lake Superior’s fish community are reviewed from 1970 to 2000. Lake trout (Salvelinus
namaycush) and lake whitefish (Coregonus clupeaformis) stocks have increased substantially and may be approaching
ancestral states. Lake herring (Coregonus artedi) have also recovered, but under sporadic recruitment. Contaminant
levels have declined and are in equilibrium with inputs, but toxaphene levels are higher than in all other Great Lakes.
Sea lamprey (Petromyzon marinus) control, harvest limits, and stocking fostered recoveries of lake trout and allowed
establishment of small nonnative salmonine populations. Natural reproduction supports most salmonine populations,
therefore further stocking is not required. Nonnative salmonines will likely remain minor components of the fish com-
munity. Forage biomass has shifted from exotic rainbow smelt (Osmerus mordax) to native species, and high predation
may prevent their recovery. Introductions of exotics have increased and threaten the recovering fish community.
Agencies have little influence on the abundance of forage fish or the major predator, siscowet lake trout, and must now
focus on habitat protection and enhancement in nearshore areas and prevent additional species introductions to further
restoration. Persistence of Lake Superior's native deepwater species is in contrast to other Great Lakes where restora-
tion will be difficult in the absence of these ecologically important fishes.

Résumé : On trouveraici une revue des changements survenus dans la communauté des poissons du lac Supérieur de
1970 & 2000. Les stocks de touladis (Salvelinus namaycush) et de grands corégones (Coregonus clupeaformis) se sont
considérablement accrus et sont peut-étre en train d' atteindre leurs densités d antan. Les stocks de ciscos de lac (Core-
gonus artedi) ont aussi récupéré, mais le recrutement est sporadique. Les concentrations de contaminants ont diminué
et sont maintenant en équilibre avec les influx; les concentrations de toxaphene sont, cependant, plus élevées que dans
les autres Grands Lacs. Le contréle de la grande lamproie marine (Petromyzon marinus), |’ établissement de limites de
récolte et |'empoissonnement ont favorisé la récupération des stocks de touladis et permis I’ établissement de petites po-
pulations de salmoninés non indigénes. Comme la reproduction naturelle assure le maintien de la plupart des popula-
tions de salmoninés, il n'est plus nécessaire de procéder a des empoissonnements additionnels. Les salmoninés non
indigenes demeureront vraisemblablement une composante mineure de la communauté de poissons. Les biomasses des
poissons fourrage ne sont plus dominées par |’ éperlan arc-en-ciel (Osmerus mordax), une espéce introduite, mais plutot
par des espéces indigenes et il est possible que la forte prédation empéche leur récupération. L’ introduction d’ espéces
non indigénes s'est accrue et menace la récupération de la communauté de poissons. Les agences de gestion ont peu
d’influence sur |’ abondance des poissons fourrage ou sur le prédateur principal, le touladi siscowet; afin de promouvoir
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la récupération, les agences doivent se concentrer sur la protection des habitats et I’amélioration des zones littorales et
elles doivent prévenir I’introduction de nouvelles espéces non indigenes. Le maintien des poissons indigenes d’eau pro-
fonde distingue le lac Supérieur des autres Grands Lacs dans lesquels la récupération sera difficile en I’ absence de ces

poissons de grande importance écologique.

[Traduit par la Rédaction]

Introduction

The objective of the first International Symposium on
Salmonid Communities in Oligotrophic Lakes (SCOL-1) in
1971 was to assess the effects of cultural eutrophication, ex-
ploitation, and species introductions on the native fish com-
munities of the Laurentian Great Lakes and other large lakes
from European settlement to the late 1960s. The Lake Supe-
rior account (Lawrie and Rahrer 1972) detailed the physical
description of the basin, lake, and land use, the invasion of
sea lamprey (Petromyzon marinus), the expansion and de-
cline of commercial fisheries, and their combined effects on
native fish communities. Early degradation was attributed to
depreciation of fluvial, estuarine, and shallow water environ-
ments, which affected local stocks of selected species (i.e.,
lake sturgeon (Acipenser fulvescens), brook trout (Salvelinus
fontinalis)), but habitat degradation did not account for any
lakewide declines in nearshore or offshore fish populations.
Overfishing and sea lamprey predation were clearly the ma-
jor causes of the decline of commercially important fishes
(lake trout (Salvelinus namaycush), lake herring (Coregonus
artedi)). Failure of fisheries managers to control exploitation
and recognize the stock structure of these species led to the
sequential exploitation of discrete stocks. Sea lamprey pre-
dation and its indirect effects would likely have completed
the demise of lake trout and other species if not for the
timely arrival of chemical control in the late 1950s (Smith
and Tibbles 1980), which alowed for the possibility of res-
toration and recovery of the fish community.

Before 1970, knowledge of the biological and ecological
processes of Lake Superior was limited. Physical and chemi-
cal limnology of Lake Superior was detailed in comparison
to the limited study of primary and secondary production.
Status of fish populations was measured mostly from analy-
sis of commercial fishery catch and effort statistics, as ho in-
dependent stock assessments, other than for lake trout, were
in place. Biological study was limited to life history descrip-
tions of commercial species and the performance of hatch-
ery-reared lake trout for the newly implemented restoration
program. Exotic fishes, other than sea lamprey, were limited
to alewife (Alosa pseudoharengus), rainbow smelt (Osmerus
mordax), and newly introduced Pacific salmon (Oncho-
rynchus sp.), the former two implicated in the demise of na-
tive coregonines (Smith 1970) and the latter, intentionally
introduced to create additional fishing opportunities. Sea
lamprey control was limited to electrical weirs and chemical
control. Contamination of sediments and bioaccumulation of
toxic chemicals were of little concern or were unknown. The
emphasis was clearly on the most obvious stressors, com-
mercial fishing and sea lamprey predation, with minimal
consideration of potential threats of |ess conspicuous factors.

The second International Symposium on Salmonid Com-
munities in Oligotrophic Lakes (SCOL-2) concentrated on
biological and anthropomorphic stressors that have resulted
in changes to the Great Lakes since 1970. Fish community
changes in Lake Superior since 1970 have been substantive
and include the continued establishment of nonnative species
along with the recovery of native species. Here we document
the changes to Lake Superior's aguatic community from
1970 to 2000 in the face of the following potential stressors:
habitat degradation, contaminants, changes in phosphorus
loading, potential impacts from global warming, impacts of
sea lamprey and other unintentional exotic species, impacts
of intentional introductions of Pacific sailmon and other non-
native salmonines, and fishery exploitation. We compare the
expected outcome of the stressors to the observed changes to
the fish community and offer expectations for the future of
Lake Superior’s fish community.

Habitat degradation

As was the case before 1970, the majority of habitat deg-
radation in Lake Superior is limited to shoreline areas,
embayments, and tributaries. These shallow-water habitats
are most readily impacted by sediment and nutrient inputs
from physical aterations of the watershed accompanying ur-
ban development, farming, mining, and logging. This results
in sedimentation and loss of spawning habitat and local
eutrophication, especialy in areas draining surficial clay de-
posits, which predominate in western Lake Superior (Rob-
ertson 1997). Less than 5% of Lake Superior’'s shoreline is
developed, but urban and recreational expansion will likely
increase in future years. Fish species with early life histories
in nearshore (<80 m; only 24% of lake surface area) and off-
shore (>80 m) waters do not appear to be limited by habitat
loss. These include lean and siscowet lake trout (Salvelinus
namaycush), lake herring, lake whitefish (Coregonus
clupeaformis), deepwater ciscoes (Coregonus spp.), and
round whitefish (Prosopium cylindraceum). In contrast, in-
shore species that have been impacted by habitat loss in-
clude brook and brown trout (Salmo trutta), walleye
(Stizostedion vitreum vitreum), lake sturgeon, yellow perch
(Perca flavescens), northern pike (Esox lucius), and
smallmouth bass (Micropterus dolomieui), as well as other
species that have not been monitored.

Physical and chemical degradation of spawning habitat
was hypothesized to limit lake trout restoration in the Great
Lakes, but there is little evidence of any significant biologi-
cal impact to offshore areas in Lake Superior (Edsall and
Kennedy 1995). All native species in Lake Superior proper
have persisted and are reproducing, and in some cases, pop-
ulations are expanding (i.e., lean and siscowet lake trout);
hence, there is little evidence for habitat limitation and (or)
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degradation in nearshore and offshore areas. Future habitat
restoration will involve attempts to reduce erosion to curb
stream and embayment sedimentation and physical improve-
ments to streams to increase spawning habitat and cover.

Contaminants

Because of its remote location, limited industrial activity,
and the large lake surface area to watershed ratio, Lake Su-
perior receives the majority of its chemical loading via at-
mospheric deposition, which is the dominant source of
polychlorinated biphenyls, polychlorinated dibenzodioxins,
polychlorinated dibenzofurans, toxaphene, and mercury
(Eisenreich and Strachan 1992). It was thought that body
burdens and background contamination would persist at high
levels for many years given the chemical stability of many of
the pollutants. The resulting impairment to the aquatic eco-
system would include reproductive failure of fish and birds
and high mortality of young fishes and adults. Over the last
30 years, concentrations of nearly al measured contaminants
in fish and the water column, with the exception of
toxaphene, have declined in Lake Superior and remain at
low levels. Where habitat is not limiting, natural reproduc-
tion appears to be evident in all native and nonnative fishes
lakewide, which may suggest that biological impacts are
minimal, although undetected effects may still be present.

Since the early 1980s, toxaphene concentrations have dra-
matically declined in lake trout across all Great Lakes except
Lake Superior (Glassmeyer et al. 2000). Unlike other hydro-
phobic organic contaminants, atmospheric input of
toxaphene is dominated by gas exchange across the air—-wa-
ter interface, therefore lower water temperature, larger sur-
face area, and water volume may have led to higher
historical concentrations in Lake Superior than in the other
Great Lakes. The low primary productivity in Lake Superior
results in very low sedimentation rates, which reduces
toxaphene transport to sediments, while lower water temper-
atures reduce toxaphene loss through volatilization
(Swackhamer et al. 1999). High concentrations of toxaphene
and polychlorinated biphenyls and mercury in large lake
trout are the primary reason for fish consumption advisories
in Lake Superior and are of concern and will likely persist
for some time.

Effect of climate warming

A growing amount of scientific evidence suggests that
global warming is occurring and will result in significant
changes in some ecosystems. Global climate models have
been used to quantify effects of climate warming on annual
temperature and precipitation in the Great Lakes region un-
der twice the current CO, loadings. Summer and winter air
temperatures in the Great Lakes increased during the 1900s
(Magnuson et al. 1997), but significant change to the Lake
Superior fish community has not yet been attributed to this
warming. It is predicted that summer precipitation would be
reduced by about 5% in western Lake Superior and winter
precipitation would increase by up to 20% (especidly in
western Lake Superior). Summer temperatures would in-
crease by 5 °C, and winter temperatures by 7 °C (Magnuson
et al. 1997). An extrapolation of mean annual air tempera-
ture projections to water temperatures for Thunder Bay, Lake
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Superior (Hill and Magnuson 1990), indicated an increase in
epilimnion and neritic waters of 1.8 °C to 5.7 °C during
July—September. The 5 °C December isotherm would en-
compass most of Lake Superior by 2030 (Johnson and Evans
1990). These changes from climate warming would result in
decreased ice cover (Hengeveld 1990), reduced lake levels
(0.23-0.47 m) and outflow volumes (—8%) (Magnuson et al.
1997), and an increase in thermal habitat volume (Christie
and Regier 1988). Lotic therma habitat would also be af-
fected. Stream temperatures in Minnesota are projected to
increase 2.4 °C to 4.7 °C (Magnuson et al. 1997) and be-
yond the 15.5 °C for many cool-water streams. The down-
stream cooling effect of cold water from Minnesota streams
could be shortened by 25-50% (Sinokrot et al. 1995), and
the cooling ability of groundwater is expected to decrease
(Meisner et al. 1987).

Climate warming would increase thermal habitat volume
for lake trout, lake whitefish, coho salmon (Onchorynchus
kisutch), yellow perch, smallmouth bass, walleye, and north-
ern pike (Hill and Magnuson 1990; Shuter and Post 1990;
Magnuson et al. 1997). In Lake Superior, smallmouth bass
and yellow perch are currently restricted to warmer bays,
and yellow perch are at the margins of their preferred ther-
mal habitat (Hokansen 1977; Bronte et al. 1993); therefore,
the distribution of these species should expand in Lake Su-
perior (Shuter and Post 1990).

Nonindigenous species would benefit from climate warm-
ing (Magnuson et a. 1990). White perch (Morone americana;
Johnson and Evans 1990) and alewife (Henderson and
Brown 1985; Bronte et al. 1991) are rare in Lake Superior
because of the duration of low water temperatures. White
perch distribution should expand with the 5 °C December
isotherm, which is correlated with white perch distribution
(Johnson and Evans 1990). Alewife populations may expand
beyond trace levels if water temperatures increase to alow
successful egg incubation and osmoregulation (see Bronte et
al. 1991). Increased temperatures of many cold-water streams
would support additional sea lamprey populations (Christie
and Kolenofsky 1980). Rainbow smelt would experience in-
creased recruitment through earlier hatching promoted by
warmer spring water temperatures (Nyberg et al. 2001),
hence their populations may increase. Most potential invad-
ers that are now thermally restricted to the lower Great Lakes
would quickly colonize the upper Lakes under climate
warming (Mandrak 1989).

A reduction in precipitation and an increase in tempera-
ture for western Lake Superior would affect fish populations,
particularly those inhabiting streams, wetlands, and estuar-
ies. The projected increase in stream temperatures would
favor rainbow trout (Oncorhynchus mykiss) and Pacific
salmon over brook trout (Fausch and White 1986; Rose
1986). In the embayments, lower lake levels could result in
an increase in aguatic vegetation and thermal habitat for
warm- and cool-water species, favoring centrarchids and
percids. Habitat for smallmouth bass and yellow perch,
which is currently marginal in Lake Superior (Hokansen
1977; Magnuson et a. 1990; Shuter and Post 1990), would
increase.

Although the rate of primary production is not expected to
increase, species composition would change, annual produc-
tion would increase, and diversity and biomass might also
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increase (Magnuson et al. 1997). Primary production could
increase by 1.6 to 2.7 times, zooplankton 1.4 to 2.1 times,
and fish yield 1.4 to 2.1 times (Regier et a. 1990). Blue-
green algae would be favored in warmer epilimnion water
over chrysophytes and diatoms; these climate-altered com-
munities will have different trophic efficiencies and poten-
tially large ecosystem effects (Magnuson et a. 1997). Because
most benthic production in Lake Superior occurs in the
profundal zone, an increase in benthic invertebrate produc-
tion would be minor.

Changes in phosphorus loading

Cultural eutrophication, primarily from increased phos-
phorus inputs, has caused changes in water quality and
plankton and fish communities in the Great Lakes (Beeton
1965). Phosphorus is the major nutrient that limits phyto-
plankton growth and, hence, primary production. Lake Supe-
rior was the only Great Lake that historically did not
experience measurable increases in phosphorus. Lakewide
spring concentrations of total phosphorus are consistently
below the International Joint Commissions’ recommended
maximum of 5 mg-L™* with no temporal trend over the last
30 years. Elevated total phosphorus concentrations still oc-
cur in the western arm of the lake and in localized areas
close to shore, particularly adjacent to tributaries transport-
ing most of the phosphorus to U.S. waters of Lake Superior
(Robertson 1997). Given the apparent long-term stability of
phosphorus in Lake Superior and the decline of phosphorus
in the other Great Lakes (Madenjian et a. 2002), we predict
that the future potential for cultural eutrophication via phos-
phorus loading is minimal.

Intentional species introductions

Chinook salmon (Oncorhynchus tshawytscha), coho salmon,
rainbow trout (steelhead), Atlantic salmon (Salmo salar),
and brown trout all have been intentionally introduced into
Lake Superior by state and provincial management agencies
to diversify and enhance sportfishing. Small populations de-
veloped and provided seasona nearshore fisheries. Natural
reproduction has been documented for all species, except
Atlantic salmon, and wild fish represent the mgjority of re-
cruitment (Peck et al. 1999).

Water temperature and life history characteristics are
probably the major limiting factors for nonnative salmonine
production in Lake Superior. Native predators (lean lake trout,
siscowet lake trout, burbot (Lota lota)) are physiologically
tolerant of extended periods of low water temperatures, con-
sume large prey while expending minimal energy for preda-
tion and metabolism, grow slowly, are long-lived, and can
reproduce many times throughout their lives. Most nonnative
salmonines lack these life history characteristics (Kitchell et
al. 2000), which puts them at a disadvantage in Lake Supe-
rior. Because of metabolic thermal requirements (Coutant
1977), most nonnative salmonines are generally restricted to
the nearshore zone of Lake Superior, less than 80 m, or the
top 20 m of the water column during much of the year
(Wismer and Christie 1987). Only during July—October are
water temperatures adequate for growth of Pacific salmon
and brown trout. Rarely does any significant portion of Lake
Superior reach temperatures for optimal growth for these
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species, therefore streams and bays are the only available
warm-water refugia. Year-class strength and survival of
stocked nonnative fish are highly dependent on these dy-
namics; hence stocking programs are of limited value. Wild
stocks tend to fluctuate based on climatic conditions and ap-
pear to utilize the optimal thermal refuge when it becomes
available. Though some areas may benefit from continued
stocking, most agencies have realized that supplemental
stocking of nonnative salmonines in Lake Superior is not
cost effective and are re-examining their programs (Peck
1992).

Concern over competition between recovering lake trout
and introduced salmonines arose in the early 1980s when
growth of lake trout appeared to be declining (Busiahn 1985).
During the 1980s, diet similarity was highest between lean
lake trout and chinook salmon and lower between lake trout
and coho salmon (Conner et a. 1993; Table 1). However,
stable isotope analysis suggested that Pacific salmon occupy
a lower trophic level than native predators (Harvey and
Kitchell 2000); therefore, direct interactions are less likely.
Bioenergetics modeling has been applied to determine if for-
age availability limits lake trout restoration in the presence
of nonnative salmonines. Estimated prey consumption by
lean lake trout and introduced salmonines in Minnesota wa-
ters exceeded prey standing stock and production (Negus
1995). Model simulations were limited by the assumption
that predation and growth occurred in Minnesota waters only,
which is unlikely given the lakewide movements of chinook
salmon (Peck et a. 1999) and likely that of other predators.
Ebener (1995) obtained similar results on a larger spatial
scale and with the inclusion of siscowet lake trout in the
simulations. Most of the predatory inertia was from the large
standing stock of siscowet lake trout, which consumed more
prey fish than all other predators combined (Fig 1). Because
recruitment and natural mortality (as opposed to sea lamprey
predation and fishing) control siscowet biomass, which ac-
counts for most of the forage consumption, it is unlikely that
the absence of nonnative salmonines would improve lean
lake trout growth and survival significantly. Simulations at
smaller spatial scales are needed to confirm this. Lean and
siscowet lake trout life histories typified by slow growth,
low natural mortality, and more diverse diet (Table 1) and
habitat utilization make these species more resilient to changes
in forage abundance and species composition (Kitchell et al.
2000), as previously suggested for Lake Michigan lake trout
(Stewart and Ibarra 1991). The disparity between modeled
consumption and available forage is likely due to errors in
estimating predator and forage biomass. The general results
of these simulations agree well with the perceptions of Lake
Superior biologists: that introduced salmonines pose little
risk to lake trout recovery, which has advanced lakewide
(Hansen 1999; Wilberg et al. 2003).

Unintentional species introductions

At least 39 new nonindigenous aguatic species have en-
tered Lake Superior since 1970 (Table 2). Of these, nine
(22%) are fish, seven (17%) are aquatic invertebrates, eight
(19%) are fish diseases and parasites, and 17 (41%) are wet-
land, submerged, or emergent aguatic plants or shoreline
woody plants. Additional species likely have been intro-
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Table 1. Proportional diet similarity and Shannon-Wiener (H) diet diversity among principal predators in Lake Superior, based on diet

data from multiple sources and summarized in Kitchell et al. (2000).

Rainbow
Predator Lake trout Siscowet Burbot Chinook salmon Coho salmon trout
Lake trout 1.00 0.36 0.59 0.69 0.49 0.36
Siscowet 1.00 0.53 0.29 0.24 0.17
Burbot 1.00 0.50 0.49 0.44
Chinook salmon 1.00 0.65 0.36
Coho salmon 1.00 0.66
Rainbow trout 1.00
Diet diversity 1.35 1.62 161 1.18 1.14 0.62

Fig. 1. (a) Estimated standing stocks of major salmonine preda-
tors in western Lake Superior and (b) estimated consumption of
major prey items (from Ebener 1995).
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duced but failed to become conspicuous or established. Over
66% of all documented introductions have occurred since
1970, which represents an average introduction rate of 1.4
per year. Compared with other Great Lakes, Lake Superior
has the least number of nonindigenous species (Mills et al.
1993).

Since 1970, transport mechanisms for most introduced
species were human-mediated (Table 2). Mgjor pathways are

via ballast water (24% of introductions), cultivation of wet-
land and terrestrial plants (24%), release of parasites or
pathogens carried by hatchery-reared fish (19%), railroads
and highways, canals, and stocked fish (all at 2%), and a
combination of mechanisms (multiple mechanisms, 15%).
This latter category includes release by angler’s bait buckets,
release from aguaria, and overland transport by recreational
boaters. For 10% of the nonindigenous species, methods of
introduction are unknown.

The accelerated rate of unintentional introductions of non-
indigenous species into Lake Superior has caused concern.
Although no native aquatic species have been extirpated, the
establishment of each new species has the potential to dis-
rupt the food web and ecosystem function. Primary effects
result from negative interactions with native species and sec-
ondary effects from interactions with other nonindigenous
species; however, the scope and magnitude of these inter-
actions are not well understood and such impacts to a large
degree remain threats. Since 1970, many species arriving
have remained localized in embayments and tributaries and
are not widely distributed. Given that Lake Superior is the
least species rich of all the Great Lakes, it may be the most
prone to ecological and economic damage from species in-
troductions. Interrupting the transport mechanisms is critical
to preventing new infestations. The accelerated rate of new
infestations combined with the increased potential of inva
sion from global warming is a wake-up call that the natural
biodiversity of Lake Superior needs greater protection.

Sea lamprey

Sea lamprey continue to be the most detrimental exotic
species in Lake Superior. Sea lamprey kill more lake trout
than are harvested (Technical Fisheries Committee, Modeling
Sub-Committee, unpublished data). Recent stable isotope
analysis reveadled that sea lamprey might have the greatest
impact on nearshore coregonines (i.e., lake whitefish, lake
herring) (Harvey 2001), which may be more available spa-
tially and numerically, and continued control is required.

Lake trout that die from a sea lamprey attack have not
been directly observed in Lake Superior, as in Lake Ontario
(Bergstedt and Schneider 1988); therefore, attack mortality
has been inferred from marking rates. Sea lamprey wound-
ing (type-A, stages 1-3 marks; King 1980) of lean lake trout
in U.S. waters of Lake Superior was stable throughout the
1970s, rose in the late 1980s and early 1990s, and has gener-
aly declined or remained stable since then (Fig. 2). Sealam-
prey wounding averaged 1.2 marks-100 fish™ for 432- to
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Table 2. Nonindigenous species introductions, year and earliest locations detected, and method of transport or release into Lake Supe-

rior since 1970.

Earliest
Common name Scientific name record Earliest location Transport or release mechanism(s)
American e€l Anguilla rostrata 1970 Brule River, WI Canals
Atlantic salmon Salmo salar 1972 Lake Superior, WI Stocked fish
Eurasian ruffe Gymnocephalus cernuus 1986 St. Louis River, MN Ballast water
European flounder Platichthys flesus 1981 Keweenaw Peninsula, Ml  Ballast water
Fourspine stickleback ~ Apeltes quadracus 1986 Thunder Bay, ON Ballast water or live bait
Goldfish Carassius auratus 1975 St. Louis River, MN live bait or from aquaria
Round goby Neogobius melanostomus 1995 St. Louis River, MN Ballast water
Threespine Stickleback  Gasterosteus aculeatus 1987 Thunder Bay, ON Ballast water or canals
White perch Morone americana 1986 St. Louis River, MN Ballast water
Aquatic oligochaete Ripistes parasita 1987 Not Available Ballast water
Asiatic clam Corbicula fluminea 1999 St. Louis River, MN Ballast water
Bosmonid waterflea Eubosmina coregoni 1970s Unknown Ballast water
Calanoid copepod Eurytemora affinis 1960s Unknown Ballast water
Rusty crayfish Orconectes rusticus 1985 Thunder Bay, ON Ballast water, live bait, or from
aguaria
Spiny waterflea Bythotrephes 1987 E. Lake Superior, ON Ballast water
cederstroemi
Zebra mussel Dreissena polymorpha 1989 St. Louis River, MN Ballast water
Bacterial kidney Corynebacterium ssp. pre-1975 Unknown Fish parasite or pathogen fish
disease
Furunculosis Aeromonas salmonicida Unknown Unknown Fish parasite or pathogen fish
Whirling disease Myxabolus cerebralis Unknown Unknown Fish parasite or pathogen fish
Round goby parasite Sphaeromyxa sevastopoli 1995 St. Louis River, MN Fish parasite or pathogen fish
Round goby disease Ichthyocotylurus pileatus 1995 St. Louis River, MN Fish parasite or pathogen fish
Ruffe parasite Tryponasoma acerinae 1986 St. Louis River, MN Fish parasite or pathogen fish
Ruffe parasite Dactylogirus 1986 St. Louis River, MN Fish parasite or pathogen fish
amphibothrium
Ruffe parasite Dactylogirus 1986 St. Louis River, MN Fish parasite or pathogen fish
hemiamphibothrium
Birdsfoot trefoil Lotus corniculatus 1975 Kadunce River, MN Cultivation
Common mullein Verbascum thapsus Unknown Unknown
Creeping yellow cress  Rorippa sylvestris <1985 E. Lake Superior, Ml Unknown
Curlyleaf pondweed Potamogeton crispus 1988, 1996 Knife River Marina, MN;  With fish or recreational boats
Washburn Harbor, WI
Eurasian watermilfoil Myriophyllum spicatum 1996 Chequamegon Bay, WI Aquaria or recreational boats
Flowering rush Butomus umbellatus Unknown Unknown Cultivation
Glossy buckthorn Rhamnus frangula <1985 E. Lake Superior, Ml Cultivation
Indian balsam Impatiens glandulifera 1984 Grand Marais, MN Cultivation
1998 Lake Superior, ON
Hairy willow herb Epilobium hirstutum <1998 Knife River mouth, Knife Cultivation
River, MN
Epilobium parviflorum <1998 Cultivation
Hawkweed Hieracium scabriscullum <1996 Sugar Loaf, MN Cultivation
Hieracium scabrum Cultivation
King-devil Hieracium piloselloides <1996 Sugar Loaf, MN Cultivation
Lady’s thumb Polygonum caespitosum <1985 E. Lake Superior, Ml Unknown
Lupine Lupinus polyphyllus 1982 Beaver Bay, MN Cultivation
Oak-leaved goosefoot ~ Chenopodium glaucum <1985 E. Lake Superior, Ml Railroads and highways
Spotted knapweed Centaurea maculosa <1996 Sugar Loaf, MN Unknown

(biebersteinii)

532-mm fish, 5.0 marks-100 fish™ for 533- to 634-mm fish,
11.3 marks100 fish? for 635- to 736-mm fish, and

17.9 marks-100 fish™® for >736 mm fish.

The sea lamprey control program has been effective at re-
ducing mortality on smaller lean lake trout, but not on adult
fish. In U.S. jurisdictions, sea lamprey marking on 432- to
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Fig. 2. Spring (May—June) sea lamprey (Petromyzon marinus)
wounding (number of type-A, stages 1-3 wounds-100 fish™) for
lean lake trout (Salvelinus namaycush) in (a) Minnesota,

(b) Wisconsin, and (c) Michigan waters of Lake Superior by size
class and year, 1970-1999. Length classes: solid bars, 432—

532 mm; open bars, 533-634 mm; cross-hatched bars, 635—

736 mm; shaded bars, >736 mm.
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532-mm lake trout has declined to nearly zero and marking
on 533- to 634-mm fish was lower during the 1990s in U.S.
jurisdictions than in any other time since 1959 (Fig. 2). Un-
fortunately, the proportion of lake trout >634 mm with sea
lamprey marks has not declined in any jurisdiction since the
mid- to late 1970s. Sea lamprey marking rates on all sizes of
lean lake trout were greater during 1959-1979 than after
1979, but roughly 15% of lean lake trout >634 mm still ex-
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hibited fresh wounds (type-A, stages 1-3 marks) in 1999.
These trends indicate that large, adult lean lake trout may be
buffering smaller fish from sea lamprey attacks, as sea lam-
prey prefer larger hosts (Swink 1991; Schneider et al. 1996).

The scope of the sea lamprey control program on Lake
Superior has expanded to include both control and assess-
ment activities (Heinrich et al. 2003) as initial chemica
treatments dramatically reduced abundance of sea lamprey
in the early 1960s (Smith and Tibbles 1980). The concept of
integrated pest management has been applied to sea lamprey
control to develop and use alternative techniques, which would
result in a 50% reduction in lampricide used before 1990
(Great Lakes Fishery Commission (GLFC) 1992). Besides
lampricides, sealamprey control now involves releasing ster-
ilized male sea lampreys into tributaries, placing barrier dams
on tributaries, trapping and removing adult sea lampreys in
tributaries (Heinrich et al. 2003), and conducting research to
develop new control strategies. Stock assessments include
mark—recapture studies on adult and metamorphosed sea
lampreys to determine their relative abundance and to evalu-
ate the effectiveness of control options.

Control has gradually suppressed sea lamprey adult abun-
dance in Lake Superior from 800 000 in 1960 to less than
200 000 in 1999 (Heinrich et al. 2003). This contemporary
population is greater than expectations previoudly established
in fish community objectives for Lake Superior (Busiahn
1990). Those objectives called for a 50% reduction in para-
sitic sea lamprey abundance by 2000 and a 90% reduction
by 2010. New objectives require that suppression continue
until annual sea lamprey induced mortality is below 5% but
with the realization that this will require new control meth-
ods to be implemented (Horns et a. 2003).

Further reductions in sea lamprey in Lake Superior will
require increased frequency of chemical treatments, stream
selection based on cost—benefit—risk analysis, and construc-
tion of low head barrier dams on streams with good habitat
(Heinrich et al. 2003). Additional control options must be
developed, such as use of pheromone attractants to increase
trapping efficiency or disrupt spawning (see Bjerselius et al.
2000; Li et al. 2002), to further reduce sea lamprey popula-
tions.

Ruffe

The unintentional introduction of ruffe (Gymnocephalus
cernuus) into the St. Louis River estuary has drawn consid-
erable attention to the threat of exotic speciesin Lake Supe-
rior and elsewhere. These fish originated from the Elbe River
drainage in northwestern Europe (C. Stepien, Cleveland
State University, Cleveland, OH 44115, personal communi-
cation) and were likely transported in the ballast water of
transoceanic cargo ships. Ruffe were first collected in the
St. Louis River estuary in the mid-1980s but likely entered
earlier and remained undetected (Bronte et al. 1998). By
1992, ruffe became the most abundant fish in the lower
St. Louis River, based on bottom trawl stock assessments.
An effort to control ruffe through increased predation failed
(Mayo et a. 1998), and the population grew to about 6 mil-
lion by 1996. Concurrent decreases in resident native fishes
raised concerns over the ruffes’ impact on the fish commu-
nity; however, many of these declines were not correlated
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with increasing ruffe abundance, and natural population dy-
namics could have explained some of these changes (Bronte
et a. 1998). Even though ruffe have dominated the fish
community numerically for many years, no species losses
have occurred. Brazner et al. (1998) contends that ruffe have
not been as successful in colonizing some shallow, well-
vegetated areas of the Duluth—Superior harbor and that pro-
tection of nearshore vegetated habitat from degradation may
help confine range expansions. Ruffe have also become abun-
dant in several south-shore streams in Wisconsin (Czypinski
et al. 2001). Although lampricides antimycin and rotenone
are effective in killing ruffe (Dawson et al. 1998), field ap-
plications that target ruffe concentrations are logistically dif-
ficult and unlikely to succeed (Horns et a. 2000). Other
control measures (i.e.,, mechanical removal) are not practi-
cal, and therefore ruffe populations will likely continue to
grow and spread along the coastlines and invade other Lake
Superior tributaries.

Changes in forage fishes

Rainbow smelt

Since the mid-1950s, rainbow smelt have played a major
role as forage for salmonine predators in Lake Superior
(Conner et al. 1993). Lakewide survey data are nonexistent
before 1978, but catch-per-unit-effort data from the Minne-
sota commercia trap-net fishery indicate that rainbow smelt
biomass averaged three times higher during 1965-1977 than
during 1978-1999 (Fig. 3a). Peak abundance appeared to
occur in 1978 followed by a steep decline into the early
1980s. This mirrors the trend observed in lakewide bottom
trawl surveys (see Bronte et al. (1993) and Bronte and Hoff
(1996) for survey details) in which rainbow smelt biomass
significantly declined (F = 4.63, df = 21,1092, P < 0.0001)
in U.S. waters by more than 90% (Fig. 2b). In 1982-1986,
biomass recovered somewhat but declined gradually after-
ward. Biomass was significantly (F = 28.06, df = 1,10, P <
0.0001) higher in Canadian waters than in U.S. waters in
1989-1999, but changes in biomass have not been signifi-
cant (F = 0.97, df = 10,357, P = 0.47) since 1989 (Fig. 3b).

Trends in rainbow smelt biomass in Lake Superior were
driven by recruitment patterns and changes in total mortality.
In U.S. waters, recruitment was low in 1977, 1979, 1980,
and 1981 (Fig. 3c) and likely accounted for much of the
lakewide decline in biomass during the early 1980s. The
strong 1983, 1986, and 1994 year classes increased biomass
of age-1 and age-2 fish and did not sustain any increase
thereafter. This suggests that mortality, presumably from
predation, was intense enough to preclude any recovery even
with good recruitment. Fishery exploitation was not a factor
as harvest has averaged less than 350 000 kg (<0.02 kg-ha™)
annually in U.S. waters during the same years. Recruitment
was generally higher and more stable in Canadian waters,
especially for the 1993-1997 year classes, which supported
higher biomass. Densities of large rainbow smelt >200 mm
total length (ages 4+) declined in U.S. waters during the
early 1980s (Fig. 3d) concurrent with biomass declines, which
suggests an increase in mortality. Larger rainbow smelt
(>120 mm total length), which are consumed by salmonines
(Conner et a. 1993), are now scarce; hence, we concluded
that predation from lean and siscowet lake trout is responsi-
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Fig. 3. (a) Catch-per-unit-effort (CPUE) of rainbow smelt
(Osmerus mordax) in commercial trap-net fishery in Minnesota
waters in spring 1965-1998, (b) 1978-1999 bhiomass estimates of
rainbow smelt in U.S. (M) and Canadian (@) waters, (c) esti-
mated strength of the 1977-1998 year classes of rainbow smelt
in U.S. (shaded bars) and Canadian waters (solid bars), and

(d) density of rainbow smelt >200 mm total length in U.S. wa-
ters of Lake Superior, 1978-1999.

3500

a
3000—( )
2500
2000
O 1500
=<
w1000
)
o
O 500
0 T T T T T T
1965 1970 1975 1980 1985 1990 1995
Year
6
= . |b)
& 4
2
a
© 3
€
S
@ 2-
1 -
0 T T T T T T T T T T
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998
Year
(c)
~— 3004
(0] —
(o))
@
= 200
'©
<
o
Z 100 ——‘ H H
0 T H H ’_! T T T
1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997
Year cl
1000 ear class

(d)

Year

ble for the high mortality and sustained low biomass. We
anticipate no significant broadening of the size structure or
increase in biomass future years if predation remains high.
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The scatter plot of recruitment versus parental stock size
as measured from lakewide trawl surveys (Fig. 4a) appears
to be linear (survival is density independent), with most ob-
servations close to the origin as would be expected at lower
parental stock sizes, and supports our contention for reduced
rainbow smelt biomass. A lack of contrast in parental stock
sizes precludes any conclusions on recruitment regulation;
however, any increases in parental stock size from reduced
predation could cause a potential rebound of rainbow smelt
stocks.

Lake herring

Before the population collapse in the 1960s, lake herring
were the major component of the forage base and contrib-
uted to most of the commercial production in Lake Superior
(Dryer and Beil 1964). Lake herring collapses were first at-
tributed to interspecific competition with bloater (Coregonus
hoyi) and introduced rainbow smelt and predation by rain-
bow smelt on lake herring larvae (Anderson and Smith 1971);
however, more recent findings challenge these hypotheses.
Selgeby et al. (1994) suggested that there was no competi-
tion for food between lake herring and rainbow smelt by vir-
tue of spatial and temporal separation of the larvae of each
species. Although predation by rainbow smelt on lake her-
ring larvae has been documented in Black Bay, Ontario
(Selgeby et al. 1978), lake herring stocks there appeared to
be able to support high historical harvests (MacCalum and
Selgeby 1987) up until 1990 and under higher densities of
rainbow smelt than in U.S. waters (see preceding section);
therefore, the effect of rainbow smelt on lake herring recruit-
ment is unclear. Furthermore, if rainbow smelt were depress-
ing lake herring abundance, the reductions in rainbow smelt
density during 1978-1981 may have released lake herring
from any predation—competition bottleneck. Rainbow smelt
biomass has remained low since the late 1980s, yet lake her-
ring recruitment failure has occurred since then, suggesting
little interaction between these two species. Analysis of the
lake herring fishery in Wisconsin waters strongly suggested
that sequential overfishing of discrete stocks caused the col-
lapse there (Selgeby 1982), and this likely occurred else-
where. Recognition of this stock structure, which is apparent
lakewide (Bronte et al. 1996), might have prevented collapse
of the lake herring populations (Selgeby 1982).

Lake herring recruitment during the last 22 years has been
sporadic. Measured as the density of age-1 fish in lakewide
trawl surveys, recruitment has varied significantly from 1978
to 1999 (Fig. 5a), with only five significant year classes pro-
duced. Large multi-aged parental stocks have been present
since the late 1980s but have produced few large year
classes. Some of the weakest year classes were produced un-
der the highest stock sizes (as measured in lakewide bottom
trawl surveys) (Fig. 4b), which may suggest some density-
dependent compensation; however, spatial correlation across
U.S. and Canadian waters (Fig. 5a) and the contrast among
levels of recruitment at any stock size also suggests that
some lakewide, density-independent factor(s) (i.e., weather,
water temperature) may also be important.

Inconsistent recruitment has regulated lake herring bio-
mass over the past 22 years. Total biomass was low in U.S.
waters during 1978-1984 but increased significantly (F =
11.86, df = 21,1092, P < 0.0001) thereafter as the large 1984
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Fig. 4. Scatter plots of age-1 recruits versus adults for (a) rain-
bow smelt (Osmerus mordax) and (b) lake herring (Coregonus
artedi) in U.S. waters of Lake Superior, 1978-1999. Data in-
dexed from fish captured in lakewide bottom trawl surveys by
the U.S. Geological Survey.
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year class entered the catch (Fig. 5b). Biomass declined
during 1987-1988, as the abundance of the 1984 year class
declined and then increased in 1990 to a pesk (23 kg-ha™)
as the strong 1988 and 1989 year classes dominated the
catch. Poor recruitment since the early 1990s has reduced
lakewide biomass to below 10 kg-ha™. Lake herring biomass
in Canadian waters during 1989-1999 was not statistically
different (F = 0.38, df = 1,10, P = 0.54) than in U.S. waters,
although means appeared lower. Similar to U.S. waters, bio-
mass generally declined (F = 3.13, df = 10,357, P = 0.0006)
during 1989-1999 because of limited recruitment, but lower
total biomass may also be related to spawner-interception
fisheries in Thunder and Black bays up until the mid-1990s.
Recruitment since 1978 may have increased lake herring
populations to levels close to historical abundance at the
time of maximum fishery removals. Maximum fishery re-
movals were about 2.7 kg-ha™ during 1941-1950 and likely
exceeded maximum sustainable yield (Selgeby 1982) and
were certainly lower than the level of the unfished stock.
Biomass of the harvestable stock (historically fish 230-
350 mm total length) (Dryer and Beil 1964) observed in
contemporary populations ranged from near zero to
6.4 kg-ha™* from 1978 to 1998 (Fig. 5¢) and averaged around
3.0 kg-ha® during 1987-1998 after strong year classes be-
came harvestable. Therefore, harvestable biomass in 1989—
1995 approximated or exceeded historical levels of removal
during 1941-1950, even with sporadic recruitment, but re-
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Fig. 5. (a) Estimated strength of the 1977-1998 year classes of
lake herring (Coregonus artedi) in U.S. (cross-hatched bars) and
Canadian (solid bars) waters, (b) 1978-1999 biomass estimates
of lake herring in U.S. (OJ) and Canadian (@) waters, and

(c) biomass of harvestable lake herring (>230 mm) in U.S. wa-
ters of Lake Superior in 1978-1999 compared with average re-
movals by the commercial fishery (vertical line) during 1941—
1950. Data points near the vertical line indicate that harvestable
stock sizes approximated or exceeded historical levels during the
height of the fishery.
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cent abundance has fallen to well below the 1941-1950 lev-
els. Full recovery is likely impossible without more frequent
recruitment events. Harvestable stock sizes are declining
(Fig. 5¢) in response to weaker recruitment, and the uncer-
tainty in the causes of these recruitment dynamics will re-
quire diligent management to prevent overharvest.

Deepwater ciscoes
Bloater, kiyi (Coregonus kiyi), and shortjaw ciscoe (Core-
gonus zenithicus) became important to the commercial fish-
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eriesin al jurisdictions except Minnesota. Species delineation
has and continues to be difficult because of morphological
variability within and across populations and species (Todd
et a. 1981), lack of readily apparent distinguishing features
(Peck 1977), and lack of clear genetic differentiation (Todd
1981; Turgeon et a. 1999). Morphological differences have
environmental as well as genetic origins (Todd et al. 1981).
Given these problems, classifications tend to be subjective;
therefore, population trends from the available data are unre-
liable. Species composition of the harvest in Michigan wa-
ters during the 1970s, based on morphological features, was
mostly bloater (51-87%), followed by kiyi (38-40%), and
shortjaw ciscoe (6-11%) (Peck 1977).

Survey data from bottom trawls indicate that bloater bio-
mass increased (F = 3.96. df = 21,1097, P < 0.0001) in U.S.
waters (Fig. 6b) at the same time as that of |ake herring and
could be an artifact of misidentification or that the same un-
known factors are responsible for recruitment patterns in
these closely related species. Biomass has ranged from
0.2 kg-ha® in 1978 to 12.2 kg-ha* in 1992. The lack of kiyi
in trawl catches before 1989 (Fig. 6¢) is also an artifact of
identification problems, and because the nearshore trawl sur-
veys generally do not extend into the deeper waters (>80 m)
where kiyi are found, any quantifiable changes in biomass
are uncertain. Shortjaw ciscoes are rarely encountered and
are now being considered for listing as a threatened species.
Comparisons of recent survey with historic data suggest that
the decline of this species occurred before 1960 and stabi-
lized at lower levels in the 1970s (T. Todd, U.S. Geological
Survey, Great Lakes Science Center, Ann Arbor, M1 48105,
personal communication).

Other forage species

Sculpins and other species that also play some role in the
energy demand of predators and their dynamics may be im-
portant. In U.S. waters, ninespine stickleback (Pungitius
pungitius) have averaged about 0.14 kg-ha™ (Fig. 6g), but
biomass was the highest in 1979, declining significantly
thereafter (F = 2.12, df = 21,1092, P = 0.002) and remaining
below 0.2 kg-ha in most years. Biomass in Canadian wa-
ters averaged about 0.13 kg-ha™ for 1989-1999 but has gen-
eraly declined since 1996 (F = 5.09, df = 10,357, P <
0.0001). Biomass in Canadian waters has been generally
higher (F = 48.54; df = 1, 10; P < 0.0001) than in U.S. wa
ters since 1995. As with rainbow smelt, fewer large nine-
spine stickleback have been captured since the late 1970s,
which could suggest a predation effect (Fig. 7a).

Total sculpin biomass in the nearshore waters is generally
less than 0.10 kg-ha™ and is composed mostly of slimy scul-
pin (Cottus cognatus) and to a far lesser extent of spoonhead
(Cottus riceil) and deepwater sculpin (Myoxocephalus
thompsoni) (Figs. 6d, 6f, 6h). In U. S. waters, slimy sculpin
biomass was at its highest level during 1978-1981 (about
0.14 kg-ha™) but declined significantly (F = 7.00, df =
21,1092, P < 0.0001) in 1982 and has remained at less than
0.06 kg-ha since then. Sculpin densities in Canadian waters
during 1989-1998 were twice as high asin U.S. waters dur-
ing the same time period. Slimy sculpin biomass was gener-
aly stable at just under 0.1 kg-ha™ but in 1999 declined
significantly (F = 2.70, df = 10,357, P = 0.003) to below
0.005 kg-ha®. As with rainbow smelt and ninespine stickle-
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Fig. 6. Biomass of (a) lake whitefish (Coregonus clupeaformis), (b) burbot (Lota lota), (c) bloater (Coregonus hoyi), (d) slimy sculpin
(Cottus cognatus), (€) kiyi (Coregonus kiyi), (f) spoonhead sculpin (Cottus ricei), (g) ninespine stickleback (Pungitius pungitius), and
(h) deepwater sculpin (Myoxocephalus thompsoni) in U.S. () and Canadian (@) waters determined by lakewide bottom trawl surveys
in nearshore waters (15-100 m), 1978-1999, conducted by the U.S. Geological Survey.
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back, the maximum length range of slimy sculpins became
reduced as biomass declined after 1982 (Fig. 7b), and this
may also suggest increased predation.

Spoonhead and deepwater sculpin biomass is much lower
than that of slimy sculpin in the nearshore zone and has gen-
erally declined (all P < 0.003) over time in both U.S. and
Canadian waters (Fig. 6). Estimated deepwater sculpin den-
sity is likely not indicative of actual densities and trends as
depths covered by the sampling program only reached the
shallowest portions of their depth distribution.

Principal salmonine predators

Lean lake trout
The decline of lean lake trout stocks in Lake Superior in
the 1950s and the success of the ensuring restoration effort

1958
Year

1978 1982 1986 1990 1994 1998

have been adequately addressed elsewhere (Hansen 1999).
Early efforts focused on sea lamprey control, harvest con-
trol, and stocking of lake trout. A coordinated multi-agency
lake trout restoration plan was implemented, with specified
stocking priorities, coordinated stock assessments, and stan-
dards of reporting and evaluating restoration progress. The
recovery of wild, naturally reproducing populations of lean
lake trout lakewide (Hansen 1999) has negated the need for
intensive stocking since 1993 except in selected areas. The
restoration program now focuses on the protection and man-
agement of wild fish through implementation of total allow-
able catches to limit fishing mortality.

Extremely high densities (compared with historical mea-
sures) of stocked fish and remnant, wild lake trout spurred
recruitment in the 1960s and 1970s. Hansen (1999) sug-
gested that hatchery-reared lake trout contributed to most of
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Fig. 7. Tota length frequency of (a) ninespine stickleback
(Pungitius pungitius) and (b) slimy sculpin (Cottus cognatus)
during selected years from 1979 to 1998. Smaller numbers of
larger fish over time suggest a predation effect from increasing
numbers of salmonine predators.
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the recruitment, especialy in Minnesota and Michigan wa-
ters. This is in contrast to earlier findings in which wild
adult lake trout explained most of the wild recruitment at
Gull I1sland Shoal (Schram et al. 1995); although at that lo-
cation, wild fish made up most of the parental stock. A more
detailed, age-structured stock—recruit analysis suggests that
hatchery-reared fish may be as reproductively efficient as
wild counterparts and likely played a significant role in the
recovery of lake trout in Michigan waters (Richards et al.
2004).

Spring gill-net surveys indicate that densities of hatchery-
reared lake trout have declined in U.S. waters (Fig. 8a),
mostly as a result of declining survival (Hansen 1999) and
reductions in stocking (Fig. 9), whereas wild fish have in-
creased. In Ontario waters, directed stock assessments were
only begun in 1997; therefore, historical trends (1950-1999)
in lake trout biomass densities (kg-km™ net) are only avail-
able from the commercia fishery, and these data strongly in-
dicate that lake trout populations (an unknown combination
of hatchery-reared and wild lean lake trout and siscowet lake
trout) have increased significantly in Ontario waters over the
last 50 years (Fig. 8b).

Lake trout are the principal salmonine taken by the sport
fishery in Lake Superior and accounted for about 55% of the
salmonine harvest in U.S. waters during 1970-1999 (Fig. 10).
Landings gradually rose in the 1980s, declined throughout the
1990s, and have increased dightly in the last 5 years. Average
harvest in U.S. waters from 1984 to 1999 is about 54 000 fish
annually. Catch rates have gradually increased from the late
1970s and are at some of highest rates ever recorded in the
last 30 years.
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Fig. 8. (a) Relative abundance (geometric mean) of wild (@) and
hatchery-reared ((J) lean lake trout (Salvelinus namaycush) in
114-mm stretch measure gill nets in spring stock assessments in
U.S. waters, 1970-1999, and (b) CPUE of an unknown mixture
of lean and siscowet (A) lake trout in nearshore commercial
fisheries in Canadian waters, 1950-1999.
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Recovery of lean lake trout is a milestone in the restora-
tion of the Lake Superior ecosystem and would not have oc-
curred without diligent sea lamprey control, limitations on
fisheries, and protection of wild, remnant populations. Be-
cause of the loss of genetic diversity (Krueger and Ihssen
1995), changes in the forage and predator base, and contin-
ued sea lamprey predation, the biological potential of lake
trout to reach historical stock sizes was thought to be limited
(Bronte et a. 1995; Kitchell et al. 2000). Recruitment dy-
namics or, more specifically, the onset of density-dependent
declines in survival at larger stock sizes may be an indicator
of stock restoration (Bronte et al. 1995) at these new biologi-
cal potentials. Richards et al. (2004) demonstrated that most
wild lake trout stocks in Michigan waters underwent density-
dependant declines in survival, and Wilberg et al. (2003)
showed that stocks are at or higher than historical levels in
most areas in Michigan waters. Both findings suggest that
lake trout in these areas maybe close to restoration. The pop-
ulation dynamics and biology of Lake Superior's wild lake
trout stocks should be used as a model to evaluate progress
toward lake trout restoration in the other Great Lakes.

Siscowet lake trout

Historically, Lake Superior contained many morphotypes
of lake trout occupying different depths and spawning loca-
tions (Khan and Qadri 1970; Goodier 1981; Moore and
Bronte 2001). Of these, the siscowet is the most abundant
morphotype in Lake Superior and is distinguished by the
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Fig. 9. Total salmonine stocking in al jurisdictions of Lake Superior, 1970-2000.
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presence of excessive fat in the flesh and viscera
(Eschmeyer and Phillips 1965) and its preference for waters
deeper than 80 m. Of the 82 000 km? of surface area of Lake
Superior, 76% is greater than 80 m deep, and this defines the
principal habitat for siscowet, as well as suggests the poten-
tial importance of this top predator in the Lake Superior eco-
system.

Little is known about the life history of siscowets. Recent
surveys indicated that densities were much higher for sisco-
wet than for lean lake trout from the same management unit
in U.S waters (Figs. 11a, 11b; see Wilberg et al. 2003 for
map of management units), and siscowet outnumbered lean
lake trout by about 10 to 1 in gill-net catches. Siscowet den-
sities increased with depth, whereas lean lake trout densities
decreased (Figs. 11c, 11d). Most siscowets were captured at
depths greater than 150 m in June but had a shallower distri-
bution in late August — September, with more fish captured
between 70 and 150 m, suggesting seasonal nearshore move-
ment. Unknown differences in catchability between siscowet
and lean lake trout in gill nets makes it difficult to assess the
ratio estimates; however, all indications suggest that siscowet
lake trout significantly outnumber lean lake trout lakewide.

Sagittal otoliths revealed a broad age distribution comprised
of 16-30 age groups depending on area. Siscowet harvest
has remained low in recent years (Fig. 12); therefore, these
advanced age compositions may reflect fully restored popu-
lations in some areas. It was thought that the expanding
siscowet populations would affect recovery of lean lake trout
stocks but there is little trophic overlap between these two
morphotypes (Harvey et a. 2003) and siscowet expansion
has been concurrent with lean lake trout recovery.

Sea lamprey predation may be a significant source of mor-
tality, as fresh wounding (type-A, stages 1-3 marks; King
1980) and scaring (healed wounds: type-A, stage 4; type-B,
stages 1-4) are high, especially on large fish >736 mm long.
Sea lamprey wounds averaged 5.5 marks-100 fish™ and
ranged from 1.3 marks-100 fish™ on 432- to 532-mm fish to
167 marks-100 fish™ >736 mm long during June 1996. Sea
lamprey attacks on the largest fish (>736 mm) were almost
17 times higher than on lean lake trout during the same time
period (Ebener 1998), which suggests that siscowets may
serve as a buffer for sea lamprey predation on recovering
lean lake trout stocks. Extremely high scarring rates also
suggest that siscowet may be able to survive sea lamprey at-
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Fig. 10. Estimated numbers of salmonines harvested in U.S. waters of Lake Superior, 1970-1999.
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Fig. 11. Relative abundance (CPUE) and ratios of lean (solid bars) and siscowet (open bars) lake trout (Salvelinus namaycush) cap-
tured in graded-mesh gill-net assessments in U.S. waters of Lake Superior by (a, b) management unit and (c, d) depth during (a, c)
June, 1996-1997, and (b, d) August—September, 1996-1997. See Wilberg et a. (2003) for a map of management units.

160 140
(@) 120 (C) .
120 A 100 4

80

80
60

181
i 13:1
12:1 0
12:1 1
20
no data —|
0 -

MNAT Wi W2 M1 M2 M3 Mia M5 M7 0-35 3671 72-108 109-145 146-181 182218

o
o
!

o

(b) 7 T —

A 120 4

47:1 100 -

CPUE (fish-km™)
>
o

N
S
o
@
o

80
80
60 1

40 4

21 no data no data 20
0 T T T t E T T T
MN-1 WI-1 WI-2 MI-1 MI-2 MI-3 MI-4 MI-5 MI-7 0 0-35 36-71 72-108 109-145 146-181 182-218
Management unit Depth interval (m)
tacks better than lean lake trout. This may be related to the Siscowet abundance has increased lakewide in the past

lower temperatures of the water that siscowets inhabit, which 30 years. Commercia gill-net catch and effort data from
slows metabolic and physiologic processes associated with U.S. and Canadian waters indicate that densities increased
sea lamprey attack and feeding behavior (Schneider et al. steadily from >20 kg-km™ net in the early 1950s to about
1996). 250 kg-km™ net in the late 1990s (Fig. 13). Stock sizes have
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Fig. 12. Estimated commercial landings by species and year from Lake Superior, 1970-1998.
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been estimated at 25 million fish of ages 1-21 years for U.S.
waters west of the Keweenaw Peninsula compared with
about 4.5 million for lean lake trout (Fig. 1; Ebener 1995),
and this ratio (6:1) is close to that estimated from gill-net
catch rates (10:1). Siscowet by-catch has increased in U.S.
sport fisheries targeting lean lake trout since the early 1990s
(Fig. 10), which further demonstrates the recovery and ex-
pansion of these offshore stocks.

Siscowet are the dominant predator |akewide (Harvey and
Kitchell 2000) and consume mostly coregonines (lake her-
ring, bloater, kiyi), sculpins, and burbot (Conner et al. 1993;
Ebener 1998; Kitchell et a. 2000). Rainbow smelt, Mysis,
and terrestrial insects are also consumed, as are miscella-
neous items (i.e., pine needles, wood, grain, net twine, fish
guts, bats, birds), suggesting extensive vertical movements to
the surface and horizontal movements to nearshore aress.
Nearshore species such as bullheads (Ictalurus sp.), uniden-
tified shiners, and longnose dace (Rhinichthys cataractae)
were also found in stomachs, further indicating that feeding
is taking place in shalow, nearshore areas. Siscowet con-
sume more coregonines, sculpins, and burbot and less rain-
bow smelt than lean lake trout (Fig. 1), which may partly
explain the significant declines of bloater and burbot (F =
1.62, df = 21,1092, P = 0.04; Figs. 6b, 6c) in Lake Superior
concurrent with the expansion of siscowet populations. More
study of the deepwater zone of Lake Superior is needed to
understand the dynamics of siscowet and their impact on the
forage base.

Brook trout

Over the last 10 years, interest has increased in rehabili-
tating native migratory brook trout in Lake Superior. These
fish, also as known as “coasters’, live in nearshore coastal
areas, where they can attain larger sizes than stream-dwelling
counterparts, but ascend rivers to spawn in the fal. Major
stressors to brook trout historically were overfishing and
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Fig. 13. Relative abundance (CPUE) of siscowet lake trout
(Salvelinus namaycush) in the commercial gill-net fishery, Lake
Superior, 1950-1998.
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habitat loss, currently, competition with nonnative

salmonines is seen as a possible impediment to restoration.
Attempts are underway to restore migratory brook trout
(Newman et al. 1999); however, this may not be biologically
possible for many historically important streams that have
lost habitat or have stocks of nonnative salmonines. Strat-
egies to achieve the goal include habitat protection and
restoration, restrictive angling regulations, and stocking ap-
propriate strains from remnant populations. Further research
is also required on genetic profiling, genera life history, and
identification of remnant stocks, especially at remote sites
such as those at Isle Royale.

Remnant populations of coaster brook trout still exist in a
few isolated areas of Lake Superior. These include the
Nipigon River system in Ontario, streams and bays around
Isle Royale, and the Salmon-Trout River in Michigan (Peck

© 2003 NRC Canada



Bronte et al.

et al. 1994). Adequate genetic variability still exists among
remnant brook trout stocks; hence, stocking should proceed
cautiously (Burnham-Curtis 2001). Additional genetic evi-
dence suggests that migratory brook trout in Nipigon Bay
are a life history variant and are progeny of stream stocks
(D’ Amelio 2002).

Brook trout stocking has been continuous by most agen-
cies since 1970 (Fig. 9), but harvest in the sport fishery has
usually been less than 100 fish-year™ since 1970. Only scat-
tered harvest information on brook trout exists for Ontario
waters. Most agencies have, or are in the process of imple-
menting, restrictive harvest regulations for brook trout in
Lake Superior and its tributaries. Experimental stocking of
genetic strains from Lake Superior is underway in selected
areas.

Splake

Splake (lake trout x brook trout) were first introduced in
Michigan in 1971 and then in Wisconsin in 1973 (Fig. 9).
No natural reproduction by splake has been documented, but
sexually mature splake have been found in spawning lake
trout aggregations (Peck et al. 1994). Harvest occurs primar-
ily near stocking sites; hence these fish are valued for devel-
oping local and nearshore fisheries. Wisconsin has a major
splake fishery during winter in Cheguamegon Bay, which
accounts for most of the harvest in Lake Superior (Fig. 10).
Catch rates for splake have been declining since the mid-
1980s in response to reduced stocking.

Rainbow trout (steelhead)

Migratory rainbow trout or steelhead became naturalized
soon after initial introductions in 1895. Since about 1970,
several strains have been introduced to supplement natural-
ized stocks in areas with intense fisheries or limited spawning
habitat. In 1972, Minnesota experimented with the Kamloops,
Madison, and Donaldson strains and in 1976 chose the
Kamloops strain to supplement naturalized populations.
Michigan has used the summer-run Siletz strain since 1984
to provide increased angling opportunities. All three U.S.
states have stocked with the Skamania strain of summer
steelhead (Peck et al. 1994), but returns were poor and have
been discontinued lakewide. Annual stocking has ranged
from 90 000 to 540 000 fish (Fig. 9), but return rates have
generally averaged 1% or less and have varied widely across
streams; hence steelhead populations are composed of
mostly wild fish. Lakewide, naturalized rainbow trout com-
prise 80-90% of fish caught (Peck 1992). Continued stock-
ing on top of wild populations may be wasteful and can also
pose genetic risks (Krueger et a. 1994).

Harvest has ranged from 600 fish in 1999 to about 15 000
in 1984 in U.S waters (Fig. 10), with most of these fish
taken in Wisconsin waters. Rainbow trout populations were
high during the 1950s, but as lake trout recovered and -
Pecific salmon became established, abundance declined dur-
ing the 1980s. Starting in the early 1990s, harvest
restrictions have reduced exploitation and increased rainbow
trout abundance as indicated by angler catch rates during the
spring spawning run (Schreiner 2003; Ken Cullis, Ontario
Ministry of Natural Resources, 435 James St. South, Thun-
der Bay, Ont., Canada, personal communication). In addi-
tion, unusualy warm lake temperatures in 1998 increased
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both survival and growth rates of rainbow trout, which has
been reflected by increasing returns to the Brule River in
Wisconsin (Dennis Pratt, Wisconsin Department of Natural
Resources, 1401 Tower Ave., Superior, WI 54880, personal
communication). Although stocking supports a viable sport
fishery for rainbow trout in a small number of Minnesota
streams, it is clear that protection of naturalized spawning
stocks is the best way for agencies to insure the long-term
success of the rainbow trout fishery in Lake Superior.

Coho salmon

Coho salmon were first stocked by Michigan in 1966, fol-
lowed by Minnesota and Ontario from 1969-1972 (Fig. 9),
and quickly became naturalized throughout Lake Superior
(Peck et a. 1994). These fish reproduce successfully in many
tributaries that are accessible during the spawning period,
have suitable substrate, and adequate winter groundwater
flows. Michigan was the last agency to discontinue stocking
in 1994 as stocked fish contributed less than 10% to the fish-
ery (Peck 1992).

Coho salmon in Lake Superior have a 3-year life history,
spending from 16 to 18 months in streams and the remaining
18-20 months in the lake before spawning and death. An-
glers mostly exploit age-2+ fish, which results in wide har-
vest fluctuations, predicated by year-class strength. In most
years, coho salmon are the second most harvested salmonine
in the U.S. sport fishery after lake trout (Fig. 10). Total har-
vest in U.S. waters has ranged from 2700 fish in 1971 to
50 000 fish in 1988, with most fish taken in Michigan wa
ters. Catch rates in the sport fishery have been slowly in-
creasing since the early 1980s. Sport harvest regulations have
become more restrictive in most jurisdictions to protect ade-
quate numbers of parental stock, as all stocks are now sup-
ported by natural reproduction.

Chinook salmon

Chinook salmon were first introduced into Lake Superior
by Michigan in 1967, followed by Minnesota in 1974, Wis-
consin in 1977, and Ontario in 1988 (Peck et al. 1994). An-
nual stocking has ranged from 175 000 to 1.8 million fish
(Fig. 9); however, the utility of continued stocking is being
questioned. Lakewide, wild chinook salmon make up over
75% of al chinook salmon harvested (Peck et al. 1999).
Stocked chinook salmon made up 57% of the angler harvest
in Minnesota, 32% in Wisconsin, 25% in Michigan, and 9%
in Ontario during the 1990-1994 fishery. Chinook salmon
stocked in each jurisdiction contributed to the fisheriesin all
other jurisdictions, which indicates that these fish are free-
ranging in Lake Superior and have little site affinity. Harvest
in U.S. waters has ranged from a few fish in the early 1970s
to about 11 000 fish in 1980 (Fig. 10), with most fish taken
from Minnesota waters. Harvests have generally declined
since then, even though catch rates in the fishery have steadily
increased in the last 20 years.

Pink Salmon

In 1956, approximately 21 000 odd-year spawning pink
salmon (Oncorhynchus gorbuscha) fry were accidentally in-
troduced into the Current River in Ontario (Nunan 1967),
became established, and are now naturalized in Lake Supe-
rior. Since 1970, abundance has fluctuated greatly but has
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never approached that of other Pacific salmon. In general,
pink salmon abundance increased from the 1960s through
the 1970s and then declined to extremely low levels during
the late 1980s (Peck et al. 1994) and may have been affected
by declines in rainbow smelt (MacCullum and Selgeby 1987).
However, during the mid- to late 1990s, pink salmon abun-
dance has again started to increase as indicated by harvest
(Fig. 10), angler catch rates, and number of spawning adults
in tributaries. Even-year spawning stocks have also devel-
oped and it is not unusual to capture 3-year-old spawnersin
many streams. Harvest during 1985-1999 has averaged
<250 fish-year™ in U.S. waters. In Ontario, the angler catch
is unknown, but a dip-net fishery in the Michipicoten River
took an average of 4200 pink salmon from 1979 to 1983
(Peck et al. 1994). Minor fisheries that target strong year
classes develop periodicaly in the tributaries during the
September—October spawning period.

Brown trout

Brown trout were introduced into Lake Superior in the
1890s and established naturalized populations in some tribu-
tary streams, especialy in Wisconsin. Brown trout are still
stocked in Wisconsin and Michigan tributaries (Fig. 9)
where they support a few localized anadromous popul ations.
Hatchery-reared brown trout make up 50% of the angler
harvest of this species in Wisconsin and 40% in Michigan
(Peck et a. 1994), indicating significant natural reproduction.
Sport harvest is highest in Wisconsin waters, ranging from
534 fish in 1996 to about 14 000 fish in 1975 (Fig. 10). In
most years, an active winter fishery develops on Chequa-
megon Bay, Wisconsin, largely supported by hatchery-reared
fish. Lakewide angler catch rates declined from the 1970s to
the 1980s but have remained fairly consistent over the last
15 years. The Brule River supports the largest known run of
migratory brown trout in Lake Superior, averaging about
3600 fish during 1987-1999 and suggesting a relatively sta-
ble population since 1987. Significant genetic variation ex-
ists among naturalized brown trout populations in Wisconsin
from different drainages and between migratory and resident
fish in the Brule and Sioux rivers (Krueger and May 1987).

Atlantic salmon

At present, there is no active management program for At-
lantic salmon in Lake Superior. From 1972 to 1992, each
state in U.S. waters experimented with stocking Atlantic
salmon (Fig. 9), but naturalized populations and significant
returns never developed. Minnesota had the most extensive
program, but it was discontinued in 1992 because of low re-
turns, high cost, and limited angler interest. In U.S. waters,
harvest has been generally 400 fish or less each year since
the early 1980s, and no fish have been detected in any creel
surveys since 1997.

The commercial fishery

The effects of overexploitation by the commercial fishery
were a mgjor factor in the degradation of the fish community
of Lake Superior before 1970. During the late 1960s and
1970s, state agencies began to manage primarily for recre-
ational-based fisheries (Brown et al. 1999), which reduced
the number of commercia fishing licenses, limited fishing
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grounds and seasons, and restricted fishing gear types (Brown
et al. 1999). Further change to the commercial fishery was
expedited by the re-affirmation of treaty-protected fishing
rights by Native Americans in the U.S. and Canada. Re-
affirmation of treaty rights in Canada came later in the
1990s through “The Sparrow Decision”. No tribal fisheries
were present in 1970, but in the last 10 years, tribal harvest
accounted for 62% of the lake whitefish and 67% of the lake
trout harvest. In 1965, there were 542 state-licensed com-
mercial fishermen in U.S. waters of Lake Superior, but the
size, scope, and effect of the fishery has declined signifi-
cantly. In 1999, state, provincial, and tribal fishery agencies
issued about 350 commercial licenses but very few licensees
fished full-time. Total commercial harvest declined from
about 4.0 million kg in 1970 to 2.4 million kg in 1996-1998
(Fig. 12). Fewer fishermen and low markets prices have re-
duced the fishery, and mainly those operators that control
their own wholesale and retail markets fair well economi-
caly.

L ake whitefish fishery

Lake whitefish have been the primary target of the com-
mercial fishery lakewide since the late 1980s (Fig. 12), mainly
because of fishing restrictions on lake trout and lake herring,
changing market conditions, and availability of large stand-
ing stocks for harvest. Lake whitefish made up only 6% of
the total commercial harvest in 1970 but this increased to
40% in the 1990s. Since 1983, the annua harvest of lake
whitefish has exceeded 1 million kg and has been greater
than at any other time during the 20th century. Densities of
young lake whitefish in bottom trawls increased lakewide
during 1990-1995 (Fig. 6a) and recruitment of these fish to
the fishery helped fuel the increased landings.

Management of lake whitefish populations is based mainly
on protecting individual stocks as recommended by Lawrie
and Rahrer (1972). Nine lake whitefish management units
are recognized in Michigan waters (Technical Fisheries
Review Committee 1992), and Ontario has about 21 units
(Upper Great Lakes Management Unit 2001) where lake
whitefish are managed as biological stocks. Each manage-
ment unit likely contains smaller reproductively isolated
stocks, but little information exists to delineate stock bound-
aries or structure. Rakoczy (1983) recognized six stocks of
lake whitefish in Michigan waters based simply on the wide
geographic distance between sampling locations and the spa-
tial segregation of the fisheries. Large concentrations of
spawning lake whitefish spatially segregated by 20-30 km
have been identified along the Keweenaw Peninsula and may
represent reproductively isolated stocks (Ebener 1990).
Whitefish Bay has at least four discrete spawning aggrega-
tions separated by 8-40 km, but stocks intermingle during
the year. At least two stocks exhibit unique growth and size
differences. The Apostle Islands presumably contain many
reproductively isolated populations of lake whitefish but are
managed as a single stock. Lake whitefish fisheries are man-
aged by total alowable catches in Michigan and Ontario wa
ters and through effort limitations for gill-net fishers in
Wisconsin waters, where the intent is to reduce the by-catch
of nontarget lake trout. Conversion to trap nets in Michigan
(Schorfhaar and Peck 1993) and Wisconsin has also reduced
by-catch mortality significantly.
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Age composition of the commercial harvest is similar
among management areas. Except for very lightly exploited
stocks, ages 5-9 make up over 80% of the commercia har-
vest. Lake whitefish begin recruiting to the trap-net fishery
at age 4 and to the gill-net fishery at age 5, and the oldest
whitefish observed in the harvest are 17-20 years old
(Schorfhaar and Schneeberger 1997; Petzold 1999).

L ake whitefish stocks in Lake Superior experienced a sub-
stantial density-dependent growth response to the increase in
biomass and abundance observed after 1970. In the late
1970s and early 1980s, L, values from various stocks ranged
from 700 to 800 mm total length and K values ranged from
0.15 to 0.25. By the mid- to late 1990s, L, values had de-
clined to 500-700 mm and K values ranged from 0.22 to
0.44 (Table 3). Declines in mean weight at age also occurred
across the lake. The declines in growth affected age structure
of lake whitefish caught by the commercial fishery. In
Whitefish Bay, age structure of lake whitefish in the com-
mercia gill-net fishery shifted from ages 4-7 in 1983 to
ages 5-17 in 1998. Modal age of whitefish in the trap-net
fishery at Munising increased from age 5in 1983 to age 7 in
1998. In Thunder Bay, Ont., fish of ages 57 dominated the
harvest during 1975-1982, whereas ages 8-15 made up most
of the harvest in 1996-1997 and ages 57 barely contributed
to the fishery (Petzold 1999).

Lake trout fishery

Commercia harvest is regulated by various methods, but
mainly through biologically based catch quotas. Total allow-
able catches (TACs) are used to accommodate incidental
catches of lake trout in large-mesh gill-net lake whitefish
fisheries, while simultaneously permitting recovery of lean
lake trout populations, except in Minnesota where lean lake
trout harvest is prohibited. In Wisconsin and Michigan wa-
ters, TACs are estimated using population models based on
commercial fishery and biological statistics, although more
sophisticated statistical catch-at-age models are now being
adopted in U.S. waters (Bence and Ebener 2002). In Ontario,
individual transferable quotas are assigned to each licensee,
and the quotas are calibrated to surface area (kg-ha™) of wa-
ter <136 m. Lakewide catch quotas totaled about 400 000 kg
in 1998.

Contemporary commercial harvests of lean lake trout
(Fig. 12) represent only a fraction of precollapse levels be-
fore 1950. The average harvest of lean lake trout was
262 000 kg during 1970-1998 and represents only 13% of
the historic average harvest. The mgjority of the lean lake
trout commercial harvest is taken with large-mesh gill nets
in Ontario and Michigan. Few lake trout are killed as part of
commercial trap-net fisheries (Schorfhaar and Peck 1993) in
comparison to gill-net fisheries. Gill-net fisheries were im-
plicated for declining survival of hatchery-reared lake trout
(Hansen 1999), but this is unlikely given the sustained in-
crease in wild fish subjected to the same gill-net fishery dur-
ing the same period.

Although siscowets are more abundant than lean lake trout
in Lake Superior, commercial harvests of this morphotype
are generally less because of the high fat content of siscowets,
which results in lower market demand and value. Annual
harvests of siscowets ranged from a low of 23200 kg in
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1970 to a peak of 441000 kg in 1987 and averaged
148 000 kg during 1970 through 1998 (Fig. 13). Peak catches
occurred when Michigan state licensed commercial fisheries
were allowed to target siscowet in water >110 m deep. In
1990, the Michigan siscowet fishery was closed because
chlordane concentrations were greater than permitted by
guidelines for fish consumption. Populations of siscowets in-
creased substantially during the 1980s and, given the slow
growth of siscowets, was likely the result of good reproduc-
tion and survival during the late 1960s and early 1970s.

Lake herring fishery

Since 1970, lake herring has made up most of the com-
mercial landings from Lake Superior, but this represents
only afraction of historical removals (Fig. 12). Lake herring
made up about 25% of the total lakewide commercia har-
vest from Lake Superior in the 1990s compared with 75% in
the 1960s. Annual commercial harvests declined over the
last three decades from 1.45 million kg in the 1970s, to
1.16 million kg in the 1980s, and to only 0.7 million kg in
the 1990s. The peak harvest during 1970-1998 was 1.9 mil-
lion kg in 1970 but represented only 22% of the peak histor-
ical harvest in 1941.

Based on commercia fishery catches, lake herring appear
to be about one-half as abundant since 1980 compared with
before the collapse of the fishery in the mid-1960s, although
comparisons with bottom trawl survey estimates suggest
higher abundance (Fig. 5c). Lakewide catch per unit effort
(CPUE) of lake herring in the commercial small-mesh gill-
net fishery declined to a low of 84 kg-km™ in 1976, then
increased rapidly thereafter, and has averaged 365 kg-ha™
since 1981. Since 1993, lakewide CPUE of lake herring has
ranged from 397 to 478 kg-km™ compared with 719 kg-km™
during 1953-1964, at the height of the historical fishery.
These direct comparisons may not actually represent a state
of recovery since the historical fishery was prosecuted with
bottom-set gill nets; most of the contemporary fishery uses
floating gill nets, especially in fall to target gravid females
for the egg market. The increase in commercia harvest and
CPUE correspond well with the increase in lakewide bio-
mass from sporadic recruitment detected in lakewide trawl
surveys.

Deepwater ciscoe fishery

Deepwater ciscoes currently make up less than 10% of the
total commercia harvest from Lake Superior, and this fish-
ery has been declining over the last two decades (Fig. 12).
Deepwater ciscoes have never made up more than 25% of
the total commercial harvest from Lake Superior and from
1970 to 1980 made up 12 to 25% of the lakewide commer-
cia harvest.

Relative abundance of deepwater ciscoes in the small-
mesh gill-net fishery was stable during 1973-1980 (90—
100 kg per km of net) but declined thereafter to only 18 kg
per km of net by 1998. The continual decline in abundance
of deepwater ciscoes since 1980 corresponds to the lakewide
increase in abundance of siscowets and their predation pres-
sure. Recovery of deepwater ciscoe populations is unlikely
unless siscowet populations decline substantialy.
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Table 3. Von Bertaanffy growth parameters for Lake Superior lake whitefish stocks estimated from length-at-age data collected from

commercialy harvested fish during 1978-1998.

Stock Years Gear L, (mm) K Source
Apostle Islands 1981 Gill net 704 0.170 Red Cliff Fisheries Department
1990 Gill net 569 0.250 Red Cliff Fisheries Department
1999 Gill net 537 0.311 Red Cliff Fisheries Department
West Keweenaw Peninsula 1983 Trap net 696 0.197 Peck (1994)
1985 Trap net 658 0.214 Peck (1994)
1988 Trap net 610 0.206 Peck (1994)
1994-1995 Trap net 507 0.496 Schorfhaar and Schneeberger (1997)
East Keweenaw Peninsula 1983-1985 Trap net 783 0.156 Schorfhaar and Schneeberger (1997)
1993-1994 Trap net 800 0.200 Schorfhaar and Schneeberger (1997)
Marquette 1983-1985 Trap net 804 0.176 Schorfhaar and Schneeberger (1997)
1993-1995 Trap net 786 0.183 Schorfhaar and Schneeberger (1997)
1996-1998 Trap net 719 0.219 Michigan Department of Natural Resources
Munising 1983-1985 Trap net 774 0.186 Schorfhaar and Schneeberger (1997)
1993-1995 Trap net 733 0.219 Schorfhaar and Schneeberger (1997)
19861998 Trap net 706 0.234 Michigan Department of Natural Resources
Whitefish Bay, U.S. waters 1978 Trap net 748 0.251 Chippewa-Ottawa Resource Authority
1984 Trap net 780 0.180 Chippewa-Ottawa Resource Authority
1992 Trap net 671 0.232 Chippewa-Ottawa Resource Authority
1997 Trap net 629 0.237 Chippewa-Ottawa Resource Authority
Note: In general, estimates of L, decreased and K increased from the late 1970s to the early 1980s to the 1990s in response to increasing densities of
lake whitefish.
Overview pact was and can still be lakewide if control efforts falter.

Since 1970, much more is known about the Lake Superior
fish community than was available at the time of SCOL-1.
Contaminant loadings, sources, and burdens have been iden-
tified and monitored, with promising indications of declining
levels in lake trout and their prey. Independent fish stock as-
sessments have been implemented on larger temporal and
spatial scales necessary to measure fish community changes
and the range of population dynamics. Attention has aso
turned toward native species other than salmonines (lake
sturgeon, brook trout, and walleye) to further fish commu-
nity restoration. Given the degree of lotic habitat alteration,
the recovery of some of these species may never approach
historical levels but may be confined to a few areas with
good habitat.

Commercia fishery production, a major factor in the ini-
tial decline of lake trout and lake herring, is limited by the
need for conservation and for allocation of resources among
diverse user groups and market conditions. Harvest is only a
fraction of that historicaly and has shifted from state-
licensed fishers to Native American users under court-
reaffirmed treaty rights. The initial controversy over the ex-
ercising of these rights has led to increased cooperation
among tribal, state, and federal fishery agencies and has re-
sulted in a better understanding of the biology and manage-
ment of the exploited populations.

Continued introductions of plants and animals have in-
creased, potentially threatening the recovering fish commu-
nity in unknown ways, and are likely one of the most
significant threats to the ecosystem. Although many new in-
vaders have been documented and the potential for greater
colonization is rising with the onset of global warming, sea
lamprey still appear to be the most deleterious as their im-

Predation by sea lamprey continues to be a problem and will
require continued control with an integrated combination of
methods and biological and economic evaluation of control
options. Restoration of native species and naturalization of
nonnative salmonines would not have been possible without
sea lamprey control, which should be credited as the most
significant management action to affect fish community re-
covery in Lake Superior. Although Pecific salmon have be-
come naturalized and support small but popular fisheries, the
need for additional stocking is being questioned given the
levels of wild recruitment. Their impact on the ecosystem
appears relatively small on a lakewide perspective but may
have some consequences at finer spatial scales.

Lean lake trout, lake herring, and siscowet lake trout have
recovered and are approaching precollapse levels of abun-
dance. The latter two species have recovered without direct
intensive intervention, which may demonstrate natural eco-
system resiliency, although the effects of sealamprey control
and lower fishing mortality cannot be overlooked. Current
abundance of siscowets may be approaching an ancestral
state unrecognized by most whose experience with Lake Su-
perior follows years of prolonged overharvest and high lev-
els of sea lamprey predation. Lake whitefish stocks have
also recovered to higher levels mostly without directed man-
agement and under continued exploitation and may illustrate
a biological potentia in the absence of severe sea lamprey
predation.

The fish community of Lake Superior has remained rela-
tively intact and may also be responsible for the progress to-
ward restoration. Other than paddlefish (Polyodon spathula)
and arctic grayling (Thymallus arcticus), which were extir-
pated in the early 1800s and early 1900s, respectively, from
Lake Superior tributaries (G. Smith, University of Michigan,
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Ann Arbor, Mich., personal communication), there have been
no native species losses from Lake Superior proper. Ori-
ginaly, the blackfin cisco (Coregonus nigripinnis) and
shortnose cisco (Coregonus reighardi; Koelz 1929) were
thought to be overfished to extinction; however, these fish
never existed in Lake Superior and were likely shortjaw
cisco (Todd and Smith 1980). Shortjaw ciscoe predominated
historical commercial and assessment landings before 1950
but now make up only <5% of the deepwater ciscoes
(T. Todd, U.S. Geological Survey, Great Lakes Science
Center, Ann Arbor, MI 48105, personal communication);
their decline may be related to targeted overfishing but this
is our speculation. The apparent persistence of the deepwater
fish community of Lake Superior isin stark contrast to that
in the other Great Lakes where the deepwater piscivore
(siscowet lake trout), planktivore (deepwater ciscoes), and
benthivore (deepwater sculpins) assemblages were lost or
disrupted from overfishing, exotic introductions, and cultural
eutrophication (Eshenroder and Burnham-Curtis 1999). The
deepwater fish community in Lake Superior, as was the case
historically in the other Great Lakes, is highly evolved struc-
turally and composed of species across al trophic levels
(Mysis to siscowet) that are adapted for vertical migration
(Eshenroder and Burnham-Curtis 1999). Vertical migration
links production in benthic and pelagic communities through
predation, thereby allowing these species to successfully use
the vast hypolimnetic habitat present in Lake Superior and
the other Great Lakes. This historical fish community is
more sustainable than the exotic counterparts that dominate
the other Great Lakes (Eshenroder and Burnham-Curtis 1999).
Restoration in the other Great Lakes will likely be more dif-
ficult because of the absence of these ecologically important
native species. Additionally, political and economic pres-
sures that support less stable and sustainable fish communi-
ties composed of nonnative predator—prey complexes will
also hamper restoration in the other Great Lakes.

The forage base of Lake Superior is now about 50% of its
peak biomass in the early 1990s and the result of the com-
bined effects of predation (principally from large standing
stocks of lean and siscowet lake trout) and irregular recruit-
ment of lake herring. Predation pressure appears to be high,
as suggested by declining prey biomass coupled with the
low occurrence of large rainbow smelt, ninespine stickle-
back, and slimy sculpin in bottom trawl surveys. Under the
current predation pressure, rainbow smelt populations would
likely not recover to pre-1978 levels. Future recruitment of
lake herring is uncertain; therefore prey profiles will likely
continue to consist of small rainbow smelt (<180 mm) and
large adult lake herring and bloater (>200 mm). Lake trout
growth and production may be highest using this prey pro-
file (Mason et al. 1998) and suggests that the current forage
situation may be desirable for this principal predator. Con-
cern over forage demand by predators will resolve itself
through density-dependent reductions in growth and survival
and will remain largely out of the control of fishery manag-
ers, who have little influence on recruitment dynamics of
forage fish and, to some extent, the major predator, siscowet
lake trout.

Lawrie and Rahrar's (1972) prognosis for the future of
Lake Superior focused on the recognition of hatcheries being
critical to restoration of salmonine populations. Lean lake
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trout rehabilitation and establishment of Pacific salmon clearly
would have been impossible without hatcheries. What prob-
ably was not envisioned was the relatively short time
(30 years) that hatcheries contributed to the restoration ef-
fort, as the abundance of most salmonines in Lake Superior
is no longer dependent on stocking. Hatcheries, however,
will still continue to play arole in restoration of brook trout
and lake sturgeon and hybrids such as splake. The recoveries
of lake herring, siscowet, and lake whitefish are more note-
worthy and in sharp contrast to the declining populations re-
ported by Lawrie and Rahrar (1972). This suggests that past
perturbations did not completely eliminate the reproductive
and genetic potential for population increase. For siscowet
and lake whitefish, reductions in sea lamprey predation and
excessive fishing for prolonged periods were enough to re-
sult in restoration, whereas the case for lake herring is more
complex given the intermittent recruitment over the last
20 years.

The future for Lake Superior appears to be brighter when
compared with the other Great Lakes as the past 30 years is
highlighted by recovery rather than by continued ecological
disruption. For example, although certain Lake Michigan
native fishes recovered after declines in alewife densities,
certain invertebrates have declined and may be linked to
continued exatic species invasions (Madenjian et al. 2002).
Agencies on Lake Superior must now concentrate more on
habitat protection and enhancement in nearshore and lotic
areas and prevention of additional species introductions to
further restore the fish community of Lake Superior.

Acknowledgments

We thank J. Bonde, J. Gunderson, C. Johnson, M.
Halverson, S. Hellman, T. Halpern, S. Henderson, G.
Sjervan, M. Neilson, J. Peck, S. Schram, D. Swackhamer, S.
Sitar, and M. Whittle for their time, effort, and data. Thisis
Contribution No. 1261 of the U.S. Geological Survey, Great
Lakes Science Center, Ann Arbor, Mich. The Salmonid
Communities in Oligotrophic Lakes (SCOL) workshop was
sponsored by the Great Lakes Fishery Commission to revisit
Great Lakes ecosystem change three decades since the first
SCOL symposium, which was convened at Geneva Park,
Ont., in July 1971 and for which the proceedings were sub-
sequently published as a special issue of the Journal of the
Fisheries Research Board of Canada (Vol. 29, No. 6, June
1972). The first paper in the SCOL-2 revisited series was
previously published in this journal (Madenjian et al. 2002,
Vol. 59, pp. 736-753).

References

Anderson, E.D., and Smith, L.L. 1971. Factors affecting the abun-
dance of lake herring (Coregonus artedii Lesueur) in western
Lake Superior. Trans. Am. Fish. Soc. 100: 691-707.

Beeton, A.M. 1965. Eutrophication of the St. Lawrence Great Lakes.
Limnol. Oceanogr. 10: 240-254.

Bence, JR., and Ebener, M.P. 2002. Summary status of lake trout and
whitefish populations in the 1836 treaty-ceded waters of Lakes Su-
perior, Huron, and Michigan in 2000, with recommended yield and
effort levels for 2001. Technica Fisheries Committee, Michigan
Department of Natural Resources, Charlevoix, Mich.

© 2003 NRC Canada



1572

Bergstedt, R.A., and Schneider, C.P. 1988. Assessment of sea lam-
prey (Petromyzon marinus) predation by recovery of dead lake
trout (Salvelinus namaycush) from Lake Ontario, 1982—85. Can.
J. Fish. Aquat. Sci. 45: 1406-1410.

Bjerselius, R., Li, W., Teeter, JH., Seelye, JE., Johnson, PB.,
Maniak, PJ., Grant, G.C., Polkinghorne, C.N., and Sorensen,
P.W. 2000. Direct behavioral evidence that unique bile acids re-
leased by larval sealamprey (Petromyzon marinus) function as a
migratory pheromone. Can. J. Fish. Aquat. Sci. 57: 557-569.

Brazner, J.C., Tanner, D.K., Jensen, D.A., and Lemke, A. 1998.
Relative abundance and distribution of ruffe (Gymnocephalus
cernuus) in a Lake Superior coastal wetland fish assemblage. J.
Gt. Lakes Res. 24: 293-303.

Bronte, C.R., and Hoff, M.H. 1996. Population status and trends
for Lake Superior forage fishes, 1978-95. In Minutes of the
1996 Annua Meeting of the Lake Superior Committee, Great
Lakes Fishery Commission. Great Lakes Fishery Commission,
Ann Arbor, Mich.

Bronte, C.R., Selgeby, JH., and Curtis, G.L. 1991. Distribution,
abundance, and biology of the alewife in U.S. waters of Lake
Superior. J. Gt. Lakes Res. 17: 304-313.

Bronte, C.R., Selgeby, J.H., and Swedberg, D.V. 1993. Dynamics of
yellow perch in western Lake Superior. N. Am. J. Fish. Manag.
13: 511-523.

Bronte, C.R., Schram, S.T., Selgeby, JH., and Swanson, B.L. 1995.
Density independent survival of wild lake trout in the Apostle Is-
lands area of Lake Superior. J. Gt. Lakes Res. 21(Suppl. 1): 246—
252.

Bronte, C.R., Hesselberg, R.J., Shoesmith, JA., and Hoff, M.H.
1996. Discrimination among spawning concentrations of Lake
Superior 1ake herring based on trace element profiles in sagittae.
Trans. Am. Fish. Soc. 125: 852—-859.

Bronte, C.R., Evrard, L.M., Brown, W.P, Mayo, K.R., and Ed-
wards, A.J. 1998. Fish community changes in the St. Louis
River, Lake Superior, 1989-1996: is it ruffe or population dy-
namics? J. Gt. Lakes Res. 24: 309-318.

Brown, R.W., Ebener, M.P,, and Gorenflo, T. 1999. Great Lakes
commercia fisheries: historical overview and prognosis for the
future. In Great Lakes fisheries policy and management. Edited
by WW. Taylor and C.P. Ferreri. Michigan State University
Press, East Lansing, Mich. pp. 307-354.

Burnham-Curtis, M.K. 2001. Genetic profiles of selected brook
trout Salvelinus fontinalis populations from Lake Superior. Re-
search Completion Report. U.S. Geological Survey, Great Lakes
Science Center, Ann Arbor, M| 48105.

Busiahn, T.R. 1985. Predator responses to fish community changes
in Lake Superior. In Presented papers from the Council of Lake
Committees Plenary Session of Great Lakes predator prey is-
sues, March 20, 1985. Edited by R.L. Eshenroder. Gt. Lakes
Fish. Comm. Spec. Publ. 85-3. pp. 39-56.

Busiahn, T.R. (Editor). 1990. Fish community objectives for Lake
Superior. Gt. Lakes Fish. Comm. Spec. Publ. 90-1.

Christie, W.J., and Kolenofsky, D.P. 1980. Parasitic phase of sea
lamprey (Petromyzon marinus) in Lake Ontario. Can. J. Fish.
Aquat. Sci. 37: 2021-2038.

Christie, G.C., and Regier, H.A. 1988. Measures of optimal ther-
mal habitat and their relationship to yields of four commercial
fish species. Can. J. Fish. Aquat. Sci. 45: 301-314.

Conner, D.J., Bronte, C.R., Selgeby, J.H., and Collins, H.L. 1993.
Food of salmonine predators in Lake Superior. Gt. Lakes Fish.
Comm. Tech. Rep. No. 59.

Coutant, C.C. 1977. Compilation of temperature preference data. J.
Fish. Res. Board Can. 34: 739-745.

Can. J. Fish. Aquat. Sci. Vol. 60, 2003

Czypinski, G.D., Hintz, A.K., Weimer, M.T., and Dextrase, A.
2001. Surveillance for ruffe in the Great Lakes, 2000. Combined
report of the U.S. Fish and Wildlife Service and Ontario Minis-
try of Natural Resources. U.S. Fish and Wildlife Service, 2800
Lake Shore Drive East, Ashland, WI 54806.

D’'Amelio, S. 2002. Conservation genetics and metapopulation struc-
ture of brook trout (Salvelinus fontinalis) in Nipigon Bay (Lake
Superior, Ontario). M.Sc. thesis, Trent University, Peterborough,
Ont.

Dawson, V.K., Bills, T.D., and Boogaard, M.A. 1998. Avoidance
behavior of ruffe exposed to selected formulations of piscicides.
J. Gt. Lakes Res. 24: 343-350.

Dryer, W.R., and Beil, J. 1964. Life history of lake herring in Lake
Superior. Fish. Bull. 63: 493-529.

Ebener, M.P. 1990. Assessment and mark—recapture of lake white-
fish spawning stocks around the Keweenaw Peninsula area of
Lake Superior, 1987-1990. Admin. Rep. 90-10, Great Lakes In-
dian Fish and Wildlife Commission, Odanah, Wis.

Ebener, M.P. 1995. Bioenergetics of predator fish in western U.S.
waters of Lake Superior. Report prepared for the Red Cliff Band
of Lake Superior Chippewas, Red Cliff Fisheries Department,
Bayfield, Wis.

Ebener, M.P. 1998. Sea lamprey marking of lake trout in Lake Su-
perior, spring 1997. In Minutes of the 1998 Annual Meeting of
the Lake Superior Committee, Great Lakes Fishery Commis-
sion. Great Lakes Fishery Commission, Ann Arbor, Mich.

Edsall, T.A., and Kennedy, G.W. 1995. Availability of lake trout re-
productive habitat in the Great Lakes. J. Gt. Lakes Res.
21(Suppl. 1): 290-301.

Eisenreich, S.J., and Strachan, W.M.J. 1992. Estimating atmospheric
deposition of toxic contaminants to the Great Lakes: an update. En-
vironment Canada — Gresat Lakes Protection Fund, Burlington, Ont.

Eschmeyer, PH., and Phillips, A.M. 1965. Fat content of the flesh
of siscowets and lake trout from Lake Superior. Trans. Am.
Fish. Soc. 94: 62-74.

Eshenroder, R.L., and Burnham-Curtis, M.K. 1999. Species suc-
cession and sustainability of the Great Lakes fish community. In
Great Lakes fisheries policy and management. Edited by W.W.
Taylor and C.P. Ferreri. Michigan State University Press, East
Lansing, Mich. pp. 307-354.

Fausch, D.F., and White, R.J. 1986. Competition among juveniles
of coho salmon, brown trout and brook trout in a laboratory
stream, and implications for Great Lakes tributaries. Trans. Am.
Fish. Soc. 115: 336-381.

Glassmeyer, S.T., DeVault, D.S,, and Hites, R.A. 2000. Rates at
which toxaphene concentrations decrease in lake trout from the
Great Lakes. Environ. Sci. Technol. 34: 1851-1855.

Goodier, JL. 1981. Native lake trout (Salvelinus namaycush) stocks
in the Canadian waters of Lake Superior prior to 1955. Can. J.
Fish. Aquat. Sci. 38: 1724-1737.

Great Lakes Fishery Commission. 1992. Strategic vision of the
Great Lakes Fishery Commission for the decade of the 1990s.
Great Lakes Fishery Commission, Ann Arbor, Mich.

Hansen, M.J. 1999. Lake trout in the Great Lakes: basinwide stock
collapse and binational restoration. In Great Lakes fisheries policy
and management. Edited by W.W. Taylor and C.P. Ferreri. Michi-
gan State University Press, East Lansing, Mich. pp. 417-454.

Harvey, C.J. 2001. A stable isotope analysis of the food web struc-
ture in Lake Superior. Ph.D. dissertation, University of Wiscon-
sin, Madison, Wis.

Harvey, C.J., and Kitchell, J.F. 2000. A stable isotope evaluation of
the structure and spatial heterogeneity of a Lake Superior food
web. Can. J. Fish. Aquat. Sci. 57: 1395-1403.

© 2003 NRC Canada



Bronte et al.

Harvey, C.J., Schram, S.T., and Kitchell, J.F. 2003. Trophic rela-
tionships among lean and siscowet lake trout in Lake Superior.
Trans. Am. Fish. Soc. 132: 219-228.

Heinrich, JW., Mullet, K.I., Hansen, M.J., Christie, G.T., Klar,
D.A., Johnson, D.A., Young, R.J., and Adams, J.V. 2003. Sea
lamprey control and abundance in Lake Superior 1957—-1999. J.
Gt. Lakes Res. 29(Suppl. 1): 567-584.

Henderson, B.A., and Brown, E.H., Jr. 1985. Effects of the abun-
dance and water temperatures on recruitment and growth of ale-
wife near South Bay, Lake Huron, 1954-82. Can. J. Fish. Aquat.
Sci. 42: 1608-1613.

Hengeveld, H.G. 1990. Global climate change: implications for air
temperature and water supply in Canada. Trans. Am. Fish. Soc.
119: 176-182.

Hill, D.K., and Magnuson, J.J. 1990. Potential effects of global cli-
mate warming on the growth and prey consumption of Great
Lakes fishes. Trans. Am. Fish. Soc. 119: 265-275.

Hokansen, K.E.F. 1977. Temperature requirements of some percids
and adaptations to the seasonal temperature cycle. J. Fish. Res.
Board Can. 34: 1525-1550.

Horns, W.H., Brown, W.P, Hulse, S.R., and Bronte, C.R. 2000. Sea
sond changes in ruffe abundance in two Lake Superior tributaries:
implications for control. N. Am. J. Fish. Manag. 20: 821-825.

Horns, W.H., Bronte, C.R., Busiahn, T.R., Ebener, M.P,, Eshenroder,
R.L., Gorenflo, T., Kmiecik, N., Mattes, W., Peck, JW., Petzold,
M., and Schreiner, D.R. 2003. Fish community objectives for
Lake Superior — 2000. Gt. Lakes Fish. Comm. Spec. Publ. 03-
01.

Johnson, T.B., and Evans, D.O. 1990. Size-dependent winter mor-
tality of young-of-the-year white perch: climate warming and in-
vasion of the Laurentian Great Lakes. Trans. Am. Fish. Soc.
119: 301-313.

Khan, N.Y., and Qadri, S.U. 1970. Morphological differences in
Lake Superior char. J. Fish. Res. Board Can. 27: 161-167.

King, E.L., J. 1980. Classification of sea lamprey (Petromyzon
marinus) attack marks on Great Lakes lake trout (Salvelinus
namaycush). Can. J. Fish. Aquat. Sci. 37: 1989-2006.

Kitchell, JF, Cox, S.P, Harvey, C.J., Johnson, T.B., Mason, D.M.,
Schoen, K.K., Aydin, K., Bronte, C., Ebener, M., Hansen, M.,
Hoff, M., Schram, S., Schreiner, D., and Walters, C.J. 2000.
Sustainability of the Lake Superior fish community: interactions
in a food web. Ecosystems, 3: 545-560.

Koelz, W. 1929. Coregonid fishes of the Great Lakes. Bull. U.S.
Bur. Fish. 43: 297-643.

Krueger, C.C., and lhssen, PE. 1995. Review of genetics of lake
trout in the Great Lakes: history, molecular genetics, physiology,
strain comparisons and restoration management. J. Gt. Lakes
Res. 21(Suppl. 1): 348-363.

Krueger, C.C., and May, B. 1987. Stock identification of natural-
ized brown trout in Lake Superior tributaries: differentiation
based on allozyme data. Trans. Am. Fish. Soc. 116: 785-794.

Krueger, C.C., Perkins, D.L., Everett, R.J., Schreiner, D.R., and
May, B. 1994. Genetic variation in naturalized rainbow trout
(Oncorhynchus mykiss) from Minnesota tributaries to Lake Su-
perior. J. Gt. Lakes Res. 20: 299-316.

Lawrie, A.H., and Rahrer, J.F. 1972. Lake Superior: effects of ex-
ploitation and introduction on the salmonid community. J. Fish.
Res. Board Can. 29: 765-776.

Li, W., Scott, A.P, Siefkes, M.J,, Yan, H., Liu, Q., Yun, S., and
Gage, D.A. 2002. Bile acid secreted by male sea lamprey that
acts as a sex pheromone. Science (Wash., D.C.), 296: 138-141.

MacCallum, W.R., and Selgeby, J.H. 1987. Lake Superior revisited
1984. Can. J. Fish. Aquat. Sci. 44: 23-36.

1573

Madenjian, C.P, Fahnenstiel, G.L., Johengen, T.H., Nalepa, T.F,
Vanderploeg, H.A., Fleischer, G.W., Schneeberger, P.J., Benjamin,
D.M., Smith, E.B., Bence, JR., Rutherford, E.S., Lavis, D.S,
Robertson, D.M., Jude, D.J., and Ebener, M.P. 2002. Dynamics of
the Lake Michigan food web, 1970-2000. Can. J. Fish. Aquat.
Sci. 59: 736-753.

Magnuson, J.J., Meisner J.D., and Hill, D.K. 1990. Potential changes
in thermal habitat of Great Lakes fishes due to global climate
warming. Trans. Am. Fish. Soc. 119: 254-264.

Magnuson, J.J., Webster, K.E., Assel, RA., Bowser, C.J,, Dillon,
PJ., Eaton, J.G., Evans, H.E., Fee, E.J,, Hall, R.I., Mortsch, L.R,,
Schindler, D.W., and Quinn, FH. 1997. Potential effects of cli-
mate changes on aquatic systems: Laurentian Great Lakes and
precambrian shield region. Hydrol. Process. 2: 825-871.

Mandrak, N.E. 1989. Potential invasion of the Great Lakes by fish
species associated with climate warming. J. Gt. Lakes Res. 15:
306-316.

Mason, D.M., Johnson, T.B., and Kitchell, J.F. 1998. Consequences of
prey fish community dynamics on lake trout (Salvelinus namay-
cush) foraging efficiency in Lake Superior. Can. J. Fish. Aquat.
Sci. 55: 1273-1284.

Mayo, K.R., Selgeby, JH., and McDonald, M.E. 1998. A bhio-
energetics modeling evaluation of top-down control of ruffe in
the St. Louis River, western Lake Superior. J. Gt. Lakes Res. 24:
329-342.

Meisner, D., Goodier, J.L., Regier, H.A., Shuter, B.J,, and Christie,
JW. 1987. An assessment of the effects of climate warming on
Great Lakes basin fishes. J. Gt. Lakes Res. 15: 340-352.

Mills, E.L., Leach, J.H., Carlton, J.T., and Secor, C.L. 1993. Exotic
species in the Great Lakes: a history of biotic crises and anthro-
pogenic introductions. J. Gt. Lakes Res. 19: 1-54.

Moore, SA., and Bronte, C.R. 2001. Delineation of sympatric
morphotypes of lake trout in Lake Superior. Trans. Am. Fish.
Soc. 130: 1233-1240.

Negus, M.T. 1995. Bioenergetics modeling as a salmonine man-
agement tool applied to Minnesota waters of Lake Superior. N.
Am. J. Fish. Manag. 15: 60-78.

Newman, L.E., Dubois, R.B., and Halpern, T.N. 1999. A brook
trout rehabilitation plan for Lake Superior. Brook Trout Sub-
committee report to the Lake Superior Technical Committee,
Great Lakes Fishery Commission. Great Lakes Fishery Commis-
sion, Ann Arbor, Mich.

Nunan, PJ. 1967. Pink salmon in Lake Superior. Ont. Fish Wildl.
Rev. 6: 8-13.

Nyberg, P, Bergstrand, E., Degerman, E., and Enderlein, O. 2001.
Recruitment of pelagic fish in an unstable climate: studies in
Sweden’s four largest lakes. Ambio, 30: 559-564.

Peck, J.W. 1977. Species composition of deep-water ciscoes (chubs)
in commercial catches from Michigan waters of Lake Superior.
Res. Rep. No. 1849, Michigan Department of Natural Resources,
Fisheries Division, Ann Arbor, Mich.

Peck, JW. 1992. The sport fishery and contribution of hatchery
trout and salmon in Lake Superior and tributaries at Marquette,
Michigan, 1984-87. Res. Rep. No. 1975, Michigan Department
of Natural Resources, Fisheries Division, Ann Arbor, Mich.

Peck, J. 1994. Effects of commercia fishing on an unexploited lake
whitefish population in Michigan's waters of Lake Superior,
1983-1989. Res. Rep. No. 2007, Michigan Department of Natural
Resources, Fisheries Division, Ann Arbor, Mich.

Peck, JW., MacCallum, W.R., Schram, S.T., Schreiner, D.R., and
Shively, J.D. 1994. Other salmonines. In The state of Lake Su-
perior in 1992. Edited by M.J. Hansen. Gt. Lakes Fish. Comm.
Spec. Publ. 94-1. pp. 35-52.

© 2003 NRC Canada



1574

Peck, JW., Jones, T.S., MacCallum, W.R., and Schram, S.T. 1999.
Contribution of hatchery-reared fish to chinook salmon popula-
tions and sport fisheries in Lake Superior. N. Am. J. Fish. Manag.
19: 155-164.

Petzold, M. 1999. Recent history of lake whitefish in Ontario wa-
ters of Lake Superior. In Minutes of the Lake Superior Commit-
tee Annual Meeting, March 23-24, 1999. Great Lakes Fishery
Commission, Ann Arbor, Mich.

Rakoczy, G.P. 1983. Harvest levels for commercial exploited stocks
of lake whitefish in Michigan waters of Lake Superior. Fish. Res.
Rep. No. 1912, Michigan Department of Natural Resources, Fish-
eries Division, Ann Arbor, Mich.

Regier, H.A., Holmes, JA., and Pauly, D. 1990. Influence of tem-
perature changes on aguatic ecosystems: an interpretation of
empirical data. Trans. Am. Fish. Soc. 119: 374-389.

Richards, JM., Hansen, M.J,, Bronte, C.R., and Sitar, S.P. 2004.
Recruitment dynamics of the 1971-1991 year classes of lake
trout in Michigan waters of Lake Superior. N. Am. J. Fish.
Manag. In press.

Robertson, D.M. 1997. Regionalized loads of sediment and phos-
phorous to Lakes Michigan and Superior — high flow and long-
term average. J. Gt. Lakes Res. 23: 416-439.

Rose, G.A. 1986. Growth decline in sub-yearling brook trout
(Salvelinus fontinalis) after emergence of rainbow trout (Salmo
gairdneri). Can. J. Fish. Aquat. Sci. 55: 1273-1284.

Schneider, C.P, Owens, R.W., Bergstedt, R.A., and O’ Gorman, R.
1996. Predation by sea lamprey (Petromyzon marinus) on lake
trout (Salvelinus namaycush) in southern Lake Ontario, 1982—
1992. Can. J. Fish. Aquat. Sci. 53: 1921-1932.

Schorfhaar, R.G., and Peck, JW. 1993. Catch and mortality of non-
target species in lake whitefish trap nets in Michigan waters of
Lake Superior. Fish. Res. Rep. No. 1974, Michigan Department
of Natural Resources, Ann Arbor, Mich.

Schorfhaar, R.G., and Schneeberger, PJ. 1997. Commercid and sport
fisheries for lake whitefish in Michigan waters of Lake Superior,
1983-96. Fish. Res. Rep. No. 2034, Michigan Department of Natu-
ral Resources, Fisheries Division, Ann Arbor, Mich.

Schram, S.T., Selgeby, JH., Bronte, C.R., and Swanson, B.L.
1995. Population recovery and natural recruitment of lake trout
at Gull I1sland Shoal, Lake Superior, 1964-92. J. Gt. Lakes Res.
21(Suppl. 1): 225-232.

Schreiner, D.R. (Editor). 2003. Rainbow trout management plan
for the Minnesota waters of Lake Superior. Spec. Publ. No. 157,
Minnesota Department of Natural Resources, Division of Fish-
eries, St. Paul, Minn.

Selgeby, J.H. 1982. Decline of lake herring (Coregonus artedii) in
Lake Superior: an analysis of the Wisconsin herring fishery.
Can. J. Fish. Aquat. Sci. 39: 554-563.

Selgeby, J.H., MacCalum, W.R., and Swedberg, D.V. 1978. Predation
by rainbow smelt (Osmerus mordax) on lake herring (Coregonus
artedi) in western Lake Superior. J. Fish. Res. Board Can. 35:
1457-1463.

Selgeby, JH., MacCallum, W.R., and Hoff, M.H. 1994. Rainbow

Can. J. Fish. Aquat. Sci. Vol. 60, 2003

smelt — larval lake herring interactions: competitors or casual ac-
quaintances? Biol. Surv. Rep. No. 25, National Biological Sur-
vey, Washington, D.C.

Shuter, B.J., and Post, J.R. 1990. Climate, population viability, and
the zoogeography of temperate fishes. Trans. Am. Fish. Soc.
119: 314-336.

Sinokrot, B.A., Stefan, H.G., McCormick, JH., and Eaton, J.G.
1995. Modeling of climate change effects on stream tempera-
tures and fish habitats below barrier dams and near groundwater
inputs. Clim. Change, 30: 181-200.

Smith, B.R., and Tibbles, J.J. 1980. Sea lamprey (Petromyzon mari-
nus) in Lakes Huron, Michigan, and Superior: history of invasion
and control, 1936-78. Can. J. Fish. Aquat. Sci. 37: 1780-1801.

Smith, S.H. 1970. Species interactions of the alewife in the Great
Lakes. Trans. Am. Fish. Soc. 99: 754—765.

Stewart, D.J,, and Ibarra, M. 1991. Predation and production by
salmonine fishes in Lake Michigan, 1978-88. Can. J. Fish. Aquat.
Sci. 48: 909-922.

Swackhamer, D.L., Schottler, S., and Pearson, R.F. 1999. Air—wa-
ter exchange and mass balance of toxaphene in the Great Lakes.
Environ. Sci. Technol. 33: 3864-3872.

Swink, W.D. 1991. Host-size selection by parasitic sea lampreys.
Trans. Am. Fish. Soc. 120: 637—643.

Technical Fisheries Review Committee. 1992. Status of the fishery
resource — 1991. A report by the Technical Fisheries Review
Committee on the assessment of lake trout and lake whitefish in
treaty-ceded waters of the upper Great Lakes: State of Michigan.
Mimeo. Report, Technical Fisheries Review Committee. Michi-
gan Department of Natural Resources, Charlevoix, Mich.

Todd, T.N. 1981. Allelic variability in species and stocks of Lake
Superior ciscoes (Coregonidag). Can. J. Fish. Aquat. Sci. 38:
1808-1813.

Todd, T.N., and Smith, G.R. 1980. Differentiation in Coregonus
zenithicus in Lake Superior. Can. J. Fish. Aquat. Sci. 37: 2228—
2235.

Todd, T.N., Smith, G.R., and Cable, L.E. 1981. Environmental and
genetic contributions to morphological differentiation in ciscoes
(Coregoninae) of the Great Lakes. Can. J. Fish. Aquat. Sci. 38:
59-67.

Turgeon, J., Estoup, A., and Bernatchez, L. 1999. Species flock in
the North American Great Lakes. molecular ecology of Lake
Nipigon ciscoes (Teleostei: Coregonidae: Coregonus). Evolution,
53: 1857-1871.

Upper Great Lakes Management Unit. 2001. Lake Superior annual
report 2000. Ontario Ministry of Natural Resources, Thunder
Bay, Ont.

Wilberg, M., Hansen, M.J., and Bronte, C.R. 2003. Historic and
modern abundance of wild lean lake trout in Michigan waters of
Lake Superior: implications for restoration goals. N. Am. J.
Fish. Manag. 23:100-108.

Wismer, C.A., and Christie, A.E. 1987. Temperature relationships of
Great Lakes fishes. a data compilation. Gt. Lakes Fish. Comm.
Spec. Publ. 87-3.

© 2003 NRC Canada



